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PREFACE 

 

 This dissertation work was conducted under the supervision of Professor Hiroshi 

Umakoshi at Division of Chemical Engineering, Graduate School of Engineering Science, 

Osaka University from 2014 to 2019. 

 

 The objective of this thesis is to establish the methodology to prepare the vesicles or 

planer membrane such as supported lipid bilayer (SLB) for application to membranous 

functional materials by using a discoidal phospholipid membrane as a resource material. The 

morphological change of the discoidal assembly upon its dilution step indicates that short-

chained lipid (DHPC) concentration and the size of the assembly are important factors to 

prepare the membranous functional materials.  

 

 The author hopes that this research would contribute to the design and development of 

a variety of “soft” membranous materials. The methodology established in this study is expected 

to contribute to its application to the continuous preparation method of bicellar, vesicular or 

planar membranous materials that possess the heterogeneous texture at their surface. 
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Abstract 

 

Bicelles consisting of short-chain phospholipids and long-chain phospholipids are 

important materials for developing functional “membranous” materials. In this study, a strategy 

to design and to develop various membranous materials by utilizing bicelle as a key material 

was established. In chapter 1, there are the general features of the membranous materials, such 

as liposomes, planer membranes, and bicelles, from both viewpoints of fundamental and 

applied aspect. A possible advantage of a bicelle for its utilization as functional materials is 

discussed.  
 

In chapter 2, the behaviors of self-assemblies of the DMPC/DHPC mixtures were evaluated 

based on the physicochemical properties of the membranes. The morphologies were 

systematically classified into the dominant states; large vesicle (> 30 nm, “ordered” bilayer), 

gel-bicelle (< 30 nm, “ordered”), and micelle (< 30 nm, “disordered”). Furthermore, the bicelle 

structure is transformed from bicelles to vesicles in dilution. The results are summarized in the 

“bicelle” diagram. Based on the “bicelle” diagram, a strategy to prepare various membranous 

materials was finally proposed.  
 

In chapter 3, the functional “discoidal” bicelle shown highly-ordered orientation of the 

functional molecule. Photo-functional molecule chlorophyll a (Chla) was mixed in the 

membranes. The aggregation of Chla was achieved on a bicelle. The aggregate was maintained 

in dilution process with the morphological disruption from bicelles to vesicles. The condensed 

functional molecules on a bicelle membrane can be apply to functional membrane materials. 
 

In chapter 4, the vesicle-like material was prepared by using the flow devices according to 

the “bicelle” diagram. The membrane properties of the vesicle-like assembly formed by dilution 

were compared with liposomes obtained by other conventional preparation methods. All of the 

assemblies had similar membrane properties. Manipulation of DHPC concentration is one of the 

important factors for controlling the shape of the bicelle for development of the membrane 

materials in dilution. Furthermore, vesicle was prepared continuously by dilution of bicelle 

suspension by flow path. The dilution ratio was found to be a key factor to control the assembled 

form.  
 

In chapter 5, formation of supported lipid bilayer (SLB) was confirmed by adding and 

diluting of bicelles on the substrate. The formation of the SLB on the substrate by using small 

bicelles was promoted because of the instability of the edge of membrane disks. The 

heterogeneity of the SLBs were evaluated by observation with a fluorescence microscope and 

a spectrum observation using fluorescent probes. It was found that the addition of a 

DMPC/DHPC bicelle and a DPPC/DHPC bicelle together induce the formation of 

heterogeneous membrane of the SLB. Continuous preparation of SLB by using bicelles in flow 

dilution was able to create a phase separation system like a biological membrane. 
 

General conclusion in chapter 6, based on a “bicelle” diagram, a strategy to form various 

kinds of membranous functional materials (i.e., (i) chlorophyll a-bicelle, (ii) vesicle, and (iii) 

heterogeneous SLB) was finally proposed. 
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Chapter 1 

General introduction 

 

Bicelles consist of short-chain phospholipids and long-chain phospholipids. It acts as 

important materials for developing functional “membranous” materials. In this chapter, I 

describe the general features of the membranous materials, such as vesicles (liposomes), 

supported bilayer membrane (SLB), and bicelles, from both viewpoints of fundamental and 

applied aspect. A possible advantage of a discoidal membrane (bicelle) for its utilization for 

functional materials is discussed, followed by the review of some researches relating to this 

research.  

 

General aspect of lipid self-assembly 

Biological membranes embedding various kinds of membrane proteins are known to 

support various kinds of functions, such as signal transduction [Simons et al., 2000, Nagafuku 

et al., 2003], substance transportation [Bell, 1978, Théry et al., 2009], and energy storage 

source [Haagsman et al., 1984, Farese et al., 2009]. The major components of the 

biomembranes are lipids. Lipids are known to be assembled with other molecules, such as 

nucleic acids, proteins, and carbohydrates via the hydrophobic interaction or binding, resulting 

in the construction of variety of constructing unique membranous structures [Dowhan, 1997]. 

The membrane structure may play an important role as a platform for various kinds of “life” 

activities by providing heterogeneous sites and a dynamically-modulating ones, as well as a 

physical barrier to partition the inside and outside on cells or organelles [Vigh et al., 2005]. In 

addition, some of the lipid molecules have reported to function after being converted into 

physiologically active molecules or signaling molecules, and they play an essential role in 

many life phenomena [Lee, 2004, Smith, 2012]. The heterogeneity in the biomembrane often 

comes from the molecular structure of lipids. Amphiphilic lipids calling phospholipids have 

phosphate choline groups that bound to the glycerol basic structure with two acyl chains. They 

are easy to form a bilayer membrane structure that are spontaneously assembled in an aqueous 

solution [Johnson et al., 1971]. The bilayer of phospholipids is known to show different phase 

states on the surface of the self-assemblies, depending on the length of hydrophobic chains and  
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Figure 1-1. Species of lipids and morphology of those assemblies [Shimizu et al., 2005]. 

 

 

the presence or absence of unsaturated chains [Nagle et al., 2000, Shimizu et al., 2005] (Figure 

1-1). For example, the long chain phospholipid, such as 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), forms a spherical vesicle having a bilayer membrane structure by 

dispersing the lipids in water. The membrane of the DPPC vesicle shows an ordered gel phase 

at room temperature (the main phase transition temperature (Tm, DPPC): 41.3 ºC) [Mabrey et al., 

1976]. Unsaturated phospholipids, such as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 

form a disordered liquid-crystalline (LC) phase at the same temperature (Tm, DOPC: -40.3 ºC). It 

is due to the bulkiness of the packing of hydrophobic chains [Simons et al., 2004]. In the 

DOPC/DPPC/cholesterol mixed system, micro-domains are formed on the vesicle membrane 

surface, depending on the composition ratio [Feigenson, 2009, Lingwood et al., 2010] (Figure 

1-2). The interaction among the ordered and rigid DPPC molecules is stronger than that among 

non-ordered DOPC molecules. In addition, presence of cholesterol molecules is known to affect 

the formation of the micro-domains [Sullan et al., 2010, Suga et al., 2013]. Interaction of the 

phospholipid molecules with cholesterol also forces neighboring acyl chains into more 

extended conformations, resulting in the further segregation via hydrophobic mismatch 

[García-Sáez et al., 2007]. Biological membranes interact with proteins, especially, on the 

heterogeneous membranes, called as “rafts” and “micro-domains”, and the raft structures are 
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known to play important roles of in signal transduction and substance transport [Sezgin et al., 

2017].  

An artificial lipid membrane forming the micro-domains is expected to be utilized for 

an elucidation of the function of membrane proteins and biological membranes if the micro-

domain structure could be prepared stability in an aggregation. One of the possible materials is 

the “bicelle” or “discoidal membrane” that are formation different lipids with both long and 

short acyl chains [van Dam et al., 2004]. Because a short-chain phospholipid such as 1,2-

dihexanoyl-sn-glycero-3-phosphocholine (DHPC) has high critical micelle concentration 

(CMCDHPC: 16 mM), high concentration is required to form a micelle assembly. Since DHPC 

is known to act as a surfactant against long-chain lipid bilayers, it is also used for membrane 

protein extraction [De Angelis et al., 2007, Ujwal et al., 2011]. In the DMPC/DHPC mixture 

system with extremely different lengths of hydrophobic acyl chains, the discoidal assembly 

(bicelle) can be seen in a high total lipid concentration [van Dam et al., 2004] (Figure 1-3). 

This can be considered as phase separation between ordered DMPC dispersed phase and DHPC 

continuous phase in aqueous solution. Those assemblies are bilayer-micelle, called bicelle, and 

are expected to be applied to a membrane material [Prosser et al., 2006, Kolahdouzan et al., 

2017]. 

 

 

Figure 1-2. Phase state of artificial lipid bilayer and phase separation of model biomembrane 

[Feigenson et al., 2009, Sullan et al., 2010]. 
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Figure 1-3. Structure of DMPC/DHPC mixture at high concentration of lipids (Clipid: 1-5%) 

[van Dam et al., 2004].  

 

 

Application of functional membranous materials  

There are many examples of the utilization of the lipid membranes; as the functional 

materials, that elucidate the biological reactions [Green et al., 2004, Klymchenko et al., 2014], 

and development of transport carriers [Torchilin, 2005], and substrate materials [Nanga et al., 

2011, Juhaniewicz et al., 2015] (Figure 1-4). The research on the self-assembling lipid systems 

has been continuing since the 1970s [Ottava et al., 1997], aiming at their applications as 

biochemical analysis, biosensors, and molecular devices [Simons et al., 2000]. Long chain 

phospholipids form spherical vesicles (liposomes) in aqueous solution. Because a liposome has 

the qualities that are equivalent to a cell membrane, such as a fluid membrane surface and an 

internal aqueous phase, many researchers have been reported to utilize it as the models of 

artificial membranes [Klymchenko et al., 2014] (Figure 1-4). Their results showed that various 

catalysts and enzymes embedded in artificial liposomal bilayers were active like in vivo systems 

[Titorenko et al., 2000]. When a liposome is employed as a carrier, the system has been devised 

that can release drugs inner the assemblies at an arbitrary point due to external environmental 

changes, such as light, heat, voltage, pH and so on [Torchilin, 2004]. Torchilin has confirmed 

that the development of pharmaceutical liposomes is currently a growth area. For we need some 

progresses in both simple production processes and, also, a variety of membrane quality control 
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the increasing variety of suggested applications of liposomes and such trials could expand a 

mew model in clinical applications of different liposomal drugs.  

Recently, other kinds of carrier molecules, such as surfactants [Baillie et al., 1985, 

Mandal et al., 2018] and polymers have been reported to be proposed [Uchegbu et al., 1998, 

Tanner et al., 2011]. These carriers can be obtained by a material design conceived from the 

features of amphiphilic molecules in water. The amphiphilic block copolymers are formed 

polymer vesicles with similar assembled morphology to liposomes. Polymer vesicles can be 

inserted membrane proteins which are expected to design and development of nanoreactors 

[Tanner et al., 2011]. Furthermore, based on the asymmetric selectivity of phospholipid 

membranes, there are some reports that lipid membranes are used as separation sites [Ishigami 

et al., 2015]. The liposomes enabled effective oligomerization of a chiral amino acid, such as 

L-histidine, on or in the liposome membrane. It is also known to be applicable as an asymmetric 

alkylation reaction site [Iwasaki et al., 2017]. By understanding the structure and properties of 

liposomes, they have achieved highly selective reactions in surfactants, DDAB system as 

cationic double-chained surfactant. In contrast, a membrane film in which a bilayer membrane 

is immobilized on a glass or an electrode substrate has been studied as a material for observing  

 

 

 

Figure 1-4. Applications of amphiphilic membranes to analytical using and materials 

developments [Tanner et al., 2011, Klychenko et al., 2014]. 
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the permeability of ions and molecules in a biological membrane [Watts, 1995, Juhaniewicz et 

al., 2015]. Watts successfully reconstructed the structure of the integral membrane protein, 

which the bacteriorhodopsin is a light-driven proton pump of the extremely halophilic 

bacterium, on an artificial membrane [Watts, 1995]. He has reported that the protein array 

formation is driven by specific interaction of the protein with the charged phospholipid, such 

as glycerol phosphate or the sulphate derivative. Membrane protein complexes such as channels 

and transporters in the biological membrane locally combine with charged lipids such as 

phosphatidylserine (PS) and sterols such as cholesterol and ergosterol and maintain a metastable 

structure [Lee, 2004]. It has been reported that a water channel (gramicidin A) on supported 

lipid bilayer (SLB) was used to a biomimetic reverse osmosis membrane [Saeki et al., 2015]. 

The formed SLB showed high hydraulic pressure resistance and salt rejection. In their report, 

the water channel was stabilized by the interaction between the peptide and ergosterol on the 

membrane. Amphiphilic molecules including phospholipid membranes are expected to utilize 

active roles as membrane materials in various fields (e.g. treatment materials for any molecules 

such as water). 

 

Membrane preparation methods 

The preparation methods of membrane materials have been developed for various 

purposes. Representative methods were summarized in Table 1-1. The thin film hydration is 

one of the popular vesicle preparation method [LeBerre et al. 2008]. The assembly mainly has 

a multilamellar vesicle, and that morphology is arranged by filtration or ultrasonication. Small 

lamellar vesicles (SLVs) of about 100 nm diameter is used as a drug carrier [Hossann et al., 

2012]. On the other hand, the ethanol injection [Kremer et al., 1977] and the reverse phase  

 

Table 1-1 List of the bitch-wise membrane preparation methods. 

 

Organic solvent System Assembly Residual solvent References

Thin film hydration Use
Batch

(non-continuous)
MLVs No LeBerre et al. 2008

Ethanol injection Use
Semi-batch 

(stepwise)
GUVs Yes Pons et al. 1993

Reverse phase evaporation Use
Semi-batch 

(stepwise)
LUVs-GUVs Yes Szoka et al. 1978

Supercritical reverse phase 

evaporation method 

(Semi-batch system)

Use
Semi-batch

(stepwise)
LUVs Yes Imura et al. 2003
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evaporation [Szoka et al., 1978] are available for the preparation of larger vesicles, such as large 

unilamellar vesicles (LUVs) and giant unilamellar vesicles (GUVs) that can be uses as a 

biological membrane model. Imura et al. have demonstrated that the vesicle preparation in an 

interface between high-pressure carbon dioxide (CO2) and water was effective as an 

evolutionary application of a reverse phase evaporation method. Imura et al. were prepared 

LUVs (0.2-1.2 μm) with high trapping efficiency by injecting water into ethanol (6.5wt%)/soy 

lecithin (0.28wt%)/liquid- or supercritical-CO2 (93.2wt%). They used ethanol as cosolvent 

because very low polarity of CO2 is not suitable to dissolve the lecithin. The reverse phase 

evaporation method is also applied to a continuous system for industrial use. In the continuous 

preparation method using the flow system, bilayer membrane assemblies can be continuously 

obtained by injecting lipid molecules dispersed in an organic solvent into an aqueous phase in 

a simple flow path [Cho et al., 2015] (Table 1-2). Cho et al. achieved continuous preparation 

of w/o/w emulsion by mixing phospholipids dispersing isopropanol and water with the flow. 

They optimized the size of the obtained emulsions (diameter: 100-250 nm) by setting a pore 

filter (pore size: 5 μm) in the flow path and manipulating the flow velocity. Continuous 

preparations of GUVs have also been studied and Sugiura et al. developed the ice droplet 

technique [Sugiura et al., 2008]. The ice droplet as vesicle core is mixed with the lipid dispersed 

solvent in flow path and leads to form an assembly with high volume inner water-phase. These 

preparation techniques are contributing to an improvement of batch-wise methods such as 

ethanol injection and reverse phase evaporation. Amphiphilic molecules at the interface 

between hydrophilic and hydrophobic solutions disperse in a continuous system.  

 

Table 1-2 List of the continuous membrane preparation methods. 

 

 

Organic solvent System Assembly Residual solvent References

Pulsed jetting Use Continuous GUV Yes Funakoshi et al. (2007)

Droplet emulsion Use Continuous GUV Yes Hamada et al. (2008)

Ice droplet Use Continuous LUV-GUV Yes Sugiura et al. (2008)

Microchannel Use Continuous
GUV

(asymmetric)
Yes Li et al. (2015)

Microfluidic platform Use Continuous Nanodiscs Yes Wade et al. (2017)
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Preparation of membranous material by continuous method 

Recently, the formation of asymmetric vesicles that mimic biological membranes by 

the more complicated microfluidic channel has been reported [Lu et al., 2015]. Lu et al. have 

confirmed that the membrane asymmetry is maintained for over 30 hours. The asymmetric 

vesicles hold the potential to be used as model systems in membrane biology or as drug delivery. 

The vesicle preparations by flow systems have the possibility of continuation and the potential 

to continuously control the size, though there is a problem of remaining of organic solvents in 

those products. The organic solvent remaining in the hydrophilic phase of a bimolecular 

membrane is expected to weaken the packing of the bilayer membrane. In order to obtain a 

heterogeneous phase separation system such as a biological membrane, it is necessary to 

prepare the environment of bulk solutions such as pH, polarity, salt concentration etc. on the 

surface of the membrane material. 

On the other hand, a supported lipid bilayer (SLB) is utilized to the platforms of 

biology, biochemistry and biomimetic technologies [Juhaniewicz et al., 2015] (Table 1-3). 

Vesicular fusion is popular method for SLB formation [Abraham et al., 2018]. The vesicle 

suspension added to the hydrophilization treatment glass substrate adsorbs to the substrate by 

electrostatic interaction (“vesicle adsorption”), and the vesicles collapse to obtain a planar film 

(“vesicle rupture”). For the adsorption of vesicles, a hydrophilic glass substrate containing 

silicon dioxide and mica are often used [Biswas et al., 2018]. In addition, for the rupture of 

vesicles, lipid membranes with high fluidity, such as LC phase, can easily form SLB. However, 

the SLB formation by vesicle fusion has limitation on the phase state of membranes.  

Tabaei et al. reported the solvent-assisted lipid bilayer (SALB) as an SLB preparation 

method without using vesicles [Tabaei et al., 2014] (Figure 1-5). This method is inspired by 

reverse-phase evaporation in batch-wise to make a unilamellar bilayer. The lipid molecules 

dissolved in the water/isopropanol solution assemble to the formation of a planar bilayer upon 

a gradual increase in the solvent water fraction. The DOPC bilayer film was formed on the 

substrate by continuously adding the DOPC solution. This method can be employed materials 

besides silicon dioxide such as alumina, gold, titanium, and silica. It is noted that, the water/oil 

flow ratio and the total lipid concentration inside the flow must be operated to form a bilayer 

film. In their experimental system, it is necessary to maintain a lipid concentration, at least 0.1 

mg/mL, in the organic solvent.  
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Recently, Kawasaki et al. reported planar membranes using POPC/DHPC mixtures to 

solubilize and reconstitute membrane proteins on planar membranes at continuous system 

[Kawasaki et al., 2012]. Below the CMCDHPC, the lipid membrane adsorbed on the substrate 

was not peeled off by rinsing. They evaluate the membrane properties of the SLB from the 

lateral diffusivity of lipid molecules by fluorescence recovery after photobleaching and the SLB 

has the same characteristics as SLB prepared by the vesicle fusion method. Preparation of SLB 

was achieved by using bicelles in the complete aqueous condition. Kolahdouzan et al. observed 

the process of SLB formation from DOPC/DHPC bicelle by fluorescence microscopy. 

According to their investigation, when the total lipid concentration is low (< CMCDHPC), the 

lipid aggregate in the bulk and the lipid bilayer on the substrate are mainly DOPC. Then, DHPC 

molecules are present as monomers in the bulk. An unstable change in the mass on the substrate 

surface was observed after adsorption of the bicelle to the substrate at DHPC-rich condition. 

Because the DHPC molecule destabilizes in the membrane, it is claimed that the control of 

DHPC concentration is important for the formation of SLB. Furthermore, the critical coverage, 

that bilayer covers the whole substrate, became faster as compared to the system with the higher 

ratio of DHPC than the system with the higher ratio. The adsorption of discoidal assemblies to 

the substrate is also expected to be influenced by the size of the assemblies. In conventional 

studies, bicelle containing a bilayer of a single composition was used to prepare a planar 

membrane. There are not many experiments in multicomponent systems for biomimetic 

applications. In addition, analysis of SLB is limited to observation of adsorption behavior of 

lipid molecules by quartz crystal microbalance with dissipation (QCM-D) monitoring and 

evaluation of lateral diffusivity of lipid molecules by FRAP. Membrane preparation methods 

have been able to imitate living cells more and to advance for industrial demand. 

 

Table 1-3 List of production methods of SLB. 

  

 

Organic solvent System Type of substrate
Residual 

solvent
References

Vesicle fusion Non-use Non-continuous SiO2, mica, gold No Abraham et al. 2018

SALB Use Continuous
SiO2, mica, alumina, 

gold, titanium, and silica
Unknown Tabaei et al. 2014

Bicelle injection Non-use Continuous SiO2, gold No Kolahdouzan et al. 2017
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Discoidal Phospholipid Membrane (Bicelle) 

A discoidal membrane on bicelle could be effective as the membranous materials, 

where DMPC/DHPC system used often is known to show various morphology with different 

concentrations and compositions. Van Dam et al. estimated the lipid concentration to give a 

bicelle structure (higher concentration, Ctotal: 20-100mM) by cryo-transmission electron 

microscopy (cryo-TEM) and dynamic light scattering (DLS) [van Dam et al., 2004]. They have 

reported that DMPC/DHPC mixtures vary in the assembly form, depending on its ratio and 

temperature. It is caused by the detergent effect of DHPC in the bilayer. In the DMPC-rich 

condition, vesicle, string-like, and network-like structures have been confirmed. It is because 

fluidization effect of DHPC is weak and it makes large aggregate. The DMPC/DHPC disk 

obtained under appropriate conditions (DMPC/DHPC ratio) has the bilayer membrane in the 

self-assembly in micelle-like size. Because DHPC molecules cover the hydrophobic acyl chains 

of DMPC in the bilayer disk, the disk can be dispersed in a bulk solution. Then, monomer or 

hydrated DHPC in the bulk is continually exchanged with one in a disk. In DHPC-rich 

conditions, because the fluidization of DMPC bilayer membrane is promoted by involving 

DHPC molecules in the bilayer, a micelle and a mixed micelle, containing DMPC, are 

constructed. Takajo and coworkers have reported that DHPC fluidizes DMPC bilayer 

membranes in a relatively low concentration system [Takajo et al., 2018]. They evaluate the 

form of assemblies in the low concentration range of lipids (Ctotal < 20 mM) from differential 

 

 

Figure 1-5. Structural and morphological transition of DMPC/DHPC mixture at low 

concentration [Takajo et al., 2010]. 
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scanning calorimetry (DSC) measurement and cryo-TEM observation. They clarified that the 

formation of the assembly changes complicatedly depending on the DHPC concentration for 

the two kinds of DMPC concentrations (4 and 0.2 mM). Vesicles formed easily at DMPC-rich 

condition, and the assembly was small with increasing DHPC molecules. They considered that 

a DHPC micelle or a DMPC/DHPC mixed micelle were finally formed above the CMCDHPC. 

Because DMPC/DHPC mixtures give variations of morphologies by assembling/dispersion of 

lipids, it can be utilized for membrane material development in step-by-step. However, 

physicochemical knowledge on the form of the assembly is still insufficient. To develop 

biomimetic membrane materials using bicelle, it is necessary to understand the behavior of 

assemblies at low concentration region around CMCDHPC. 

 

The final purpose of this thesis is to establish a strategy to design and develop various 

“membranous” materials by utilizing “bicelle” as a key material. DMPC and DHPC system was 

selected as a typical example of the bicelle. After studying the conditions to form self-

assemblies, such as micelles, bicelles and vesicles, in DMPC/DHPC system, the obtained 

findings were summarized as a diagram along with DMPC/DHPC concentration in order to 

show a “map” of the “membranous” materials. Based on a “bicelle” diagram, a strategy to form 

various kinds of membranous functional materials was finally proposed. There kinds of the 

membranous materials (i.e., (i) chlorophyll a-bicelle, (ii) vesicle, and (iii) heterogeneous SLB) 

were prepared based on the bicelle diagram as case studies of the proposed strategy. The 

framework and the flow chart of the present study are schematically shown in Figure 1-6 and 

1-7, respectively.  

In chapter 2, the behaviors of self-assemblies of the DMPC/DHPC mixed system, 

focusing on the physicochemical properties of the membrane were systematically investigated 

at the lower total lipid concentrations less than 20 mM (< 1 wt% lipid). The properties of the 

assemblies at a various concentration near the CMCDHPC were estimated by using DLS and 

fluorescence probes. The assemblies were categorized as Region (i), Region (ii-1), and Region 

(ii-2), in which the dominant state was large vesicle (> 30 nm, “ordered” bilayer), gel-bicelle 

(< 30 nm, “ordered”), and micelle (< 30 nm, “disordered”), respectively. Furthermore, in the 

conditions at molar fractions of DHPC, XDHPC: 0.33-0.4, the dilution was formed to lead to the 

transformation from bicelle to vesicle. The findings of this study are summarized in the “bicelle” 
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diagram. Based on the “bicelle” diagram, a strategy to prepare various membranous materials 

was finally proposed.  

In chapter 3, the functional bicelle that has highly-ordered orientation of the functional 

molecule was prepared as a case study. Photo-functional molecule chlorophyll a (Chla) was 

mixed in the vesicle, and the orientation behavior of Chla for the phase state of the membrane 

was observed. Change in a polar environment of Chla in a bilayer was clarified by analysis of 

UV-vis absorption spectrum. The possibility of operating the dispersion/association of Chla in 

a membrane was indicated by controlling the phase state of the membrane. Furthermore, the 

aggregation of Chla molecules was controlled on a bicelle platform. The unique absorption 

spectrum of Chla aggregates was observed on the bicelle. The condensation of functional 

molecules was achieved by using bicelle with a bilayer membrane in micelle-order assembly. 

Moreover, the aggregate was maintained in dilution process in spite that a bicelle could be 

changed into a vesicle. Thus, the potential of a bicelle as the membrane materials was shown to 

be effective. 

In chapter 4, the vesicle-like material was prepared by using the flow devices according 

to the “bicelle” diagram. Prior to its preparation, the membrane properties of bilayer membrane 

obtained by conventional preparation methods (thin film hydration and high-pressure CO2) and 

the bicelle method were compared. The vesicle-like assembly obtained by dilution of bicelle 

suspension had the similar membrane properties as the conventional methods. Controlling 

DHPC concentration is an important factor for controlling the shape of the DMPC bilayer 

membrane for development of the membrane platform in batch dilution or in flow dilution. 

Furthermore, vesicle was prepared continuously by dilution of bicelle suspension by flow path. 

Based on the knowledge of the morphological change of the assemblies to the lipid 

concentrations (from chapter 2), the bicelle was changed to other morphologies by applying its 

suspension into the flow path with dilution. It was found that the form of the assembly obtained 

by the dilution route was different. The dilution ratio was found to be a key factor to control the 

assembled form. The membrane properties of the vesicle obtained by the flow channel have the 

same membrane characteristics as the vesicle prepared by the conventional method. Bicelles 

can be expected to be used as a membrane material for constructing membrane matters. 

In chapter 5, supported lipid bilayer (SLB) was prepared by using a bicelle as its 

resource material. Formation of SLB was confirmed by adding/diluting of bicelles on the 
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substrate. The formation of the SLB on the substrate was promoted especially by using small 

bicelles because of the stability of the long-chain lipid bilayer edge and, also, the concentration 

shift of lipids after the removal of DHPC molecules. It was found that the addition of a 

DMPC/DHPC bicelle and a DPPC/DHPC bicelle together could induce the formation of 

heterogeneous SLB in the same planar membrane on the solid substrate. Phase separation on 

SLB was observed based on Förster resonance energy transfer (FRET). Moreover, by 

continuously adding the bicelle suspension to the substrate, a formation of SLB was confirmed 

in a short time. Continuous preparation of SLB by bicelle flow dilution was able to create a 

phase separation system as biological membranes. 

The results obtained in this work are summarized in general conclusion. Suggestions 

for future works are described as extension of the present thesis. 
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Figure 1-6. Concept of the present study. 
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Figure 1-7. Framework of the present study. 

Chapter 2 
Phase Separation & Morphologies of DMPC/DHPC Mixtures 

• Systematic characterization of DMPC/DHPC assemblies focusing on turbidity, size, 
membrane fluidity, and membrane polarity. 

• Structural properties of DMPC/DHPC assemblies in dilute conditions. 
• Discussion on strategy of discoidal membrane materials. 

Chapter 5 
Preparation of Heterogeneous SLBs 

• Formation of SLB was confirmed by adding/diluting of bicelles on the 
substrate.  

• Phase separation on SLB was observed using FRET.  
• By continuously adding the bicelle suspension to the substrate, a 

formation of SLB was confirmed in a short time. 

Chapter 4 
Preparation of Vesicle Materials;  

Simple Method Using Continuous Flow Devices 
• The membrane properties of the vesicle obtained by the flow channel 

have the same film characteristics as the vesicle made by the 
conventional method.  

• These results could be applied to the preparation of the vesicles that 
possess the heterogeneous surface in a continuous mode. 

Chapter 3 
Preparation of Discoidal Materials; 

Aggregation of Chla on DMPC/DHPC Bicelle 
• Aggregation of Chla molecules on a bicelle were achieved.  
• Aggregate was maintained in dilution process when a bicelle changed 

into a vesicle.  
• Potential of a bicelle as the membrane materials was shown. 
• Behaviors of Chla Molecules on the Phospholipid Membrane. 

Chapter 1 
General Introduction 

• General statement of lipid self-assembly and membrane preparation methods. 
• Discoidal self-assembly has possibility of application to membranous functional 

materials (i.e. vesicles and SLBs). 

Chapter 6 
General Conclusion 

• Building planner bilayer with bicelle dilution was controlled by concentration of DHPC. 
• Bicelles can be utilized to membranous functional materials. 
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Chapter 2 

Systematic Characterization of DMPC/DHPC Self-Assemblies 

and Their Phase Behaviors in Aqueous Solution 

 

1. Introduction 

Phospholipids form a self-assembled membrane in aqueous solution to reduce the 

exposure of hydrophobic acyl chain groups. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC, C14:0) molecules form a bilayer vesicle (liposome), whereas 1,2-dihexanoyl-sn-

glycero-3-phosphocholine (DHPC, C6:0) molecules form a micelle at a total lipid concentration 

higher than the critical micelle concentration (CMC: 16 mM [Burns Jr. et al., 1982]). Depending 

on the chemical structure of the phospholipids, the self-assemblies form various morphologies 

such as vesicle, micelle, etc. [Eytan et al., 1982, Ringsdorf et al., 1988]. In general, the self-

assembly behavior of amphiphilic molecules is discussed based on the critical packing 

parameter, in which the head group area, length of hydrocarbon chain, and volume of molecules 

are dominant factors that determine the self-assembly structure. Owing to the hydrophobic 

region at the interior of the membrane, phospholipid assemblies are utilized as a platform to 

integrate various kinds of nanomaterials [Cyrus et al., 2012]. The lipid bilayer structure is 

desirable to study membrane proteins; generally, discoidal self-assemblies, called “bicelles” 

[Sanders et al., 1992, Ottiger et al., 1998], are applied to reconstruct membrane peptides and 

proteins [Sanders et al., 1995, McKibbin et al., 2007, Li et al., 2014]. Basically, a bicelle 

structure is composed of a mixture of lipid and detergent, as in DMPC/DHPC systems [van 

Dam et al., 2004]. Since the stability of a bicelle is sensitive to the lipid composition and 

temperature [Triba et al., 2005, Wu et al., 2010, Beaugrand et al., 2014, Mineev et al., 2016], 

it is important to investigate the thermodynamic behavior of bicelles.  

The CMC value of DHPC is ca. 16 mM [van Dam et al., 2004], whereas the critical 

vesicle concentration (CVC) of DMPC is ca. 6 nM. Due to the difference in critical aggregation 

concentrations, the stability of a bicelle is also sensitive to the total lipid concentration [Struppe 

et al., 1998, Ye et al., 2014]. Upon dilution of a small bicelle assembly, the transformation from 

bicelle to vesicle was observed. To avoid this, a chemically modified detergent can be utilized, 



17 

making the bicelle structure stable toward heating or dilution [Ramos et al., 2010, Matsui et al., 

2015]. To characterize bicelle properties, experiments have been carried out with high 

concentrations of lipid (1-10%, w/w); by employing such conditions, the structural properties 

of bicelles can be evaluated using cryo-electron microscopy (cryo-EM) [Ye et al., 2014]. 

Regarding the rupture of bicelles in the dilution process, a direct deposition of lipids onto a 

solid support, wherein the bicelles are used as carriers for lipid sources, becomes more 

successful [Saleem et al., 2015, Kolahdouzan et al., 2017]. Statically, the phase behavior of 

lipid mixture systems (e.g., DMPC/DHPC) can be controlled by focusing on parameters such 

as lipid composition, lipid concentration, and temperature. Then, the self-assembly morphology 

can be controlled in a dynamic process, such as heating/cooling and dilution, based on the phase 

equilibrium. However, the phase behavior of DMPC/DHPC mixture systems at low lipid 

concentrations (total lipid < 20 mM) has not been adequately investigated.  

Interfacial membrane properties such as membrane fluidity and membrane polarity, 

which are evaluated using fluorescent probes, are also important factors to characterize self-

assemblies [Hayashi et al., 2011, Nakamura et al., 2015]. In lipid bilayer vesicles, the interfacial 

properties can be used to determine the phase states [Suga et al., 2013, Bui et al., 2016]; the 

solid-ordered phase (gel phase) and liquid-disordered phase (liquid-crystalline phase) show 

quite different membrane fluidity and polarity. These properties reflect the microscopic phase 

state and phase separation behavior [Suga et al., 2013]. Saturated phospholipids are in gel phase 

below the phase transition temperature (Tm), whereas the membrane turns into liquid-crystalline 

phase at temperatures above the Tm. To date, bicelles (such as DMPC/DHPC mixture systems) 

have been hardly studied based on their interfacial properties, especially at low lipid 

concentrations (less than 1% lipids (ca. 20 mM). In fluorescent probe studies, the interfacial 

membrane properties can be investigated at a total lipid concentration of 100 μM [Hayashi et 

al., 2011, Suga et al., 2013]. Therefore, this could be suitable to evaluate the interfacial 

membrane properties and structural properties of DMPC/DHPC mixture systems.  

The packing state of a lipid membrane is dominantly related to the function of the 

membrane: for example, molecular permeability and interaction of proteins [Lee, 2003, 

Gerebtzoff et al., 2004]. In previous study, significant chiral selective amino acid adsorption 

onto a liposome membrane was observed in a gel phase [Ishigami et al., 2015]. The state of a 

lipid bilayer can be classified as gel phase (most ordered state, like a solid), ripple-gel phase 
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(ordered state), and liquid-crystalline phase (disordered state). Considering the membrane 

fluidity and membrane polarity of micelles [Iwasaki et al., 2017], they can be categorized as a 

disordered membrane. In gel phase, the surface pressure is up to ~50 mN/m in monolayer 

systems (planar membrane (no curvature)), whereas it decreases to ~30 mN/m in vesicular 

bilayer systems [Sabatini et al., 2008]. This may be due to the membrane curvature of the 

vesicles, which could decrease lipid packing. It is hence worthwhile to investigate the interfacial 

properties of such a flat bilayer system.  

The aim of this chapter was to clarify the self-assembly behavior of DMPC/DHPC 

mixtures containing various total lipid concentrations and fractions of lipids. The DMPC/DHPC 

assemblies were prepared with different molar fractions of DHPC (XDHPC). Analyses of the 

turbidity (optical density, OD500) and size distribution (using dynamic light scattering, DLS), 

and of the interfacial membrane properties, using fluorescent probes, 1,6-diphenyl-1,3,5-

hexatriene (DPH) and 6-dodecanoyl-N,N-dimethyl-2-naphthylamine (Laurdan), were 

systematically carried out. The obtained results are summarized as a diagram to show the 

relationship between the lipid concentrations and morphologies of the DMPC/DHPC self-

assemblies. Based on the “bicelle” diagram, a strategy to prepare various kinds of “membranous” 

functional materials was finally proposed. 
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2. Materials and Methods 

2.1. Materials 

DHPC and DMPC (Tm = 23 ºC) were purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL, USA). DPH and Laurdan were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Sodium dihydrogenphosphate (anhydrous) and disodium hydrogenphosphate were 

purchased from Wako Pure Chemical (Osaka Japan), and were used to prepare phosphate buffer 

(50 mM, pH 7.0). Ultrapure water was prepared with the Millipore Milli-Q system (EMD 

Millipore Co., Darmstadt, Germany). Other chemicals were used without further purification. 

 

2.2. Vesicle preparation 

DMPC vesicles were prepared as a reference (standard self-assembly), based on 

literature [Suga et al., 2013]. Briefly, a chloroform solution of phospholipids was dried in a 

round-bottom flask by rotary evaporation under vacuum. The obtained lipid films were 

dissolved in chloroform once more, and the solvent was evaporated. This operation was 

repeated at least twice. The obtained lipid thin film was kept under high vacuum for at least 3 

h, and then hydrated with phosphate buffer at room temperature. The obtained DMPC 

suspension was frozen at −80 ºC and then thawed at 40 ºC (over the Tm of DMPC); this freeze-

thaw cycle was repeated five times. Notably, the DMPC vesicle suspensions were extruded 

through 2 layers of polycarbonate membranes with a mean pore diameter of 100 nm, using as 

extruding device (Liposofast; Avestin Inc., Ottawa, ON, Canada). The prepared unilamellar 

vesicles were kept in 4 ºC until use. 

 

2.3. Preparation of DMPC/DHPC self-assembly in an aqueous solution 

Lipid thin films of DMPC/DHPC mixtures were prepared by the mothed described on 

the above. Firstly, the self-assembly solution was prepared at the total lipid concentration of 20 

mM, with various DHPC fractions, XDHPC: 0.17-0.95. The obtained lipid thin films were 

hydrated with phosphate buffer at 20 ºC. No mechanical treatments (sonication, extrusion) were 

applied for DMPC/DHPC assemblies, to keep their spontaneous structures. In dilution of the 

DHPC/DMPC solution (20 mM), an aliquot amount of buffer solution was gently added to 

adjust the total lipid concentration, wherein the final lipid concentrations were set at 15 mM, 

10 mM, 9 mM, and 8 mM. The obtained self-assembly solutions were applied for monitoring 
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the optical density (see section 2.4), and dynamic light scattering (see section 2.5). If necessary, 

the extrusion (see section 2.2) was performed before fluorescent spectroscopic measurements 

(see sections 2.6 and 2.7).  

 

2.4. Turbidity measurements of self-assembly solution 

To assess the morphological insights for DMPC/DHPC assemblies, the turbidities of 

DMPC/DHPC mixtures at 500 nm (OD500) were monitored by UV-1800 Spectrophotometer 

(Shimadzu, Kyoto, Japan), in various total lipid concentrations. A thin quart cell (light path 

length: 1 mm) was employed to record the varied turbidity. An increased turbidity in the 

suspension could be an evidence for the growth of self-assembly in size [Walter et al., 1991, 

Guo et al., 2011, Craig et al., 2016]. Thus, the morphological transition from bicelles to vesicles 

could be assessed by a jump-up of the OD500 values, in dilution.  

 

2.5. Dynamic light scattering (DLS) 

The apparent sizes of mixtures (total lipid concentration: 20 mM) were determined by 

dynamic light scattering (DLS). Measurements were performed with the particle size analyzer 

(Zetasizer Nano ZS, Malvern Panalytical, Grovewood Rd, UK). The average diameters were 

calculated based on a number-average diameter.  

 

2.6. Evaluation of membrane fluidity 

As interfacial properties, the membrane fluidity was investigated by using DPH, based 

on previously described methods [Shintzky et al., 1978, Hayashi et al., 2011]. DPH was added 

to DMPC/DHPC assemblies with a molar ratio of lipid/DPH = 250/1. After incubation for 30 

min, the fluorescence polarization of DPH was measured using a fluorescence 

spectrophotometer (FP-8500, JASCO, Tokyo, Japan) (Ex. = 360 nm, Em. = 430 nm). 

Fluorescence polarizers were set on the excitation and emission light pathways. With the 

emission polarizer angle of 0º, the fluorescence intensities obtained with the emission polarizer 

angle 0º and 90º were defined as I‖ and I⊥, respectively. With the emission polarizer angle of 

90º, the fluorescence intensities obtained with the emission polarizer angle 0º and 90º were 

defined as i⊥ and i‖, respectively. The polarization (PDPH) of DPH was then calculated by using 

the following equations: 
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𝑃𝐷𝑃𝐻 = (𝐼∥ − 𝐺𝐼⊥) (𝐼∥ + 𝐺𝐼⊥)⁄  

𝐺 = 𝑖⊥ 𝑖∥⁄  

where G is the correction factor. The membrane fluidity was evaluated based on the reciprocal 

of polarization, 1/PDPH. 

 

2.7. Evaluation of membrane polarity 

Fluorescent probe Laurdan is sensitive to the polarity around itself, which allows the 

local polarity in lipid membranes to be determined [Parasassi et al., 1990, Vincent et al., 2005]. 

Laurdan emission spectra exhibit a red shift caused by solvent attack and by solvent relaxation, 

thus its emission spectrum reflects the polarity (hydration state) of the self-assembly membrane. 

The Laurdan emission spectra were measured with an excitation wavelength of 340 nm, and 

the general polarization (GP340), the membrane polarity, was calculated as follows: 

𝐺𝑃340 = (𝐼440 − 𝐼490) (𝐼440 + 𝐼490)⁄  

where I440 and I490 are the emission intensities of Laurdan excited at 340 nm. The obtained 

emission spectrum was furthermore analyzed by using Peakfit software (v.4.12, Systat Software 

Inc., San Jose, CA, USA) [Iwasaki et al., 2017]. After deconvolution, the area fraction of each 

component was compared. 
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3. Results and Discussion  

3.1. Systematic characterization of DMPC/DHPC assemblies focusing on turbidity, size, 

membrane fluidity, and membrane polarity 

For DMPC/DHPC suspensions at a total lipid concentration of 20 mM, the solution 

turbidity varied depending on the XDHPC. The transparency of the suspension was dependent on 

the size of the assemblies; the vesicles were relatively large (diameter > 30 nm: Region (i)), 

whereas the micelles or bicelles were small (diameter < 30 nm: Region (ii)) (Figure 2-1a). By 

employing fluorescent probes (DPH and Laurdan), the membrane fluidity (1/PDPH) and 

membrane polarity (GP340) values were determined. The DHPC micelle was categorized as 

disordered membrane (1/PDPH > 6, GP340 < 0.3). At 20 ºC (< Tm of DMPC), some small 

assemblies (in Region (ii)) as well as the gel-phase DMPC vesicle showed rather ordered 

interfacial membrane properties (Figure 2-1b). The group of Region (ii) can be further divided 

into “ordered phase (ii-1)” and “disordered phase (ii-2).” The bicelle of DMPC/DHPC probably 

consisted of a micelle-like edge (rich in DHPC) and bilayer (rich in DMPC); therefore, the 

ordered phase found in Region (ii-1) could have been derived from the bilayer region of the 

bicelle. To classify each self-assembly, the threshold values of size, OD500, 1/PDPH, and GP340 

are summarized in Table 2-1. Based on the systematic characterization, a diagram of self-

assemblies in DMPC/DHPC system at 20 mM is described in Figure 2-1c. The assembled states 

of DMPC/DHPC were confirmed as vesicle (Region (i)), bicelle (Region (ii-1)), and micelle 

(Region (ii-2)).  

 

3.2. Structural properties of DMPC/DHPC assemblies in dilute conditions 

The turbidities of DMPC/DHPC suspensions are dependent on the morphology. 

Micelle solutions are transparent, whereas vesicle, cylindrical micelle, and holey lamellar 

suspensions are turbid [van Dam et al., 2004]. The DHPC micelle solution, wherein the average 

micelle size was 3-4 nm, was transparent. This suggests a rough correlation between turbidity 

and size of the self-assembly; therefore, the OD500 (Figure 2-2) and size distribution (Figure 

2-3) were investigated at different total lipid concentrations. 
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Figure 2-1. Systematic characterization of DMPC/DHPC assemblies at 20 ℃, total lipid 

concentration of 20 mM. As a function of DHPC fraction (XDHPC), (a) turbidity (OD500) and size 

distribution. Region (i), relatively large assemblies (OD500 > 1.0, size > 30 nm); Region (ii), 

relatively small assemblies (OD500 < 0.1, size < 30 nm). (b) Membrane fluidity (1/PDPH) and 

membrane polarity (GP340). Region (ii-1), ordered assemblies (1/PDPH < 6, GP340 > 0.3); Region 

(ii-2), disordered assemblies (1/PDPH > 6, GP340 < 0.3). (c) Phase diagram of DMPC/DHPC at 

total lipid concentration of 20 mM. Region (i), closed circle; Region (ii-1), open circle; Region 

(ii-2), half-tone circle. 

 

Table 2-1 Summary of the results for self-assemblies prepared at different regions. 
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3.2.1. Optical density (OD500) 

Figure 2-2 shows the OD500 values for DHPC/DMPC assemblies with different 

XDHPC ratios, and at various total lipid concentrations. As a trend, a higher OD500 value was 

obtained with an XDHPC value lower than 0.4, in the total lipid concentration range of 8 to 20 

mM. A similar tendency was observed at a total lipid concentration of 1 mM, although the OD500 

value was relatively low. At any total lipid concentration, a critical XDHPC value, with an increase 

in the OD500 value, was observed. Herein, the XDHPC range for “turbid” suspensions is showed 

as Region (i), and that for “transparent” ones as Region (ii). For the samples with high total 

lipid concentrations (15 and 20 mM), the critical XDHPC was around 0.3. With a decrease in the 

total lipid concentration, the value shifted to a higher DHPC fraction; the critical XDHPC values 

for 10, 8, and 1 mM systems were around 0.4, 0.7, and 0.9, respectively. It was therefore 

considered that an increase in the ratio of long-chained DMPC molecules (decrease in XDHPC) 

caused the formation of larger self-assemblies. Consequently, the morphology of DMPC/DHPC 

assemblies is roughly indicated by the turbidity; the formation of small-sized self-assemblies 

can be confirmed using the transparency of the suspension (XDHPC > 0.6). It was thus shown 

that there were two types of regions from the viewpoint of turbidity of the solution. 

 

 

Figure 2-2. Turbidities (OD500) of DHPC/DMPC solution at different DHPC fraction (XDHPC) 

in various concentration of total lipid concentration at 20 mM (circle), 15 mM (square), 10 mM 

(diamond), 8 mM (triangle), 1 mM (cross) at 20 ºC. 
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3.2.2. Average Size estimated using DLS analysis 

The size distribution of the self-assemblies formed in the DMPC/DHPC mixtures was 

analyzed by using DLS. As an example, the size distribution of the self-assembly at a total lipid 

concentration of 8 mM is shown in Figure 2-3a. In all the conditions tested here, a mono-

dispersed distribution was obtained. The average size of the self-assembly was affected by the 

variation in the XDHPC value. As shown in Figure 2-3b, the average size of the DHPC/DMPC 

assembly was plotted against the DHPC fraction at various concentrations of total lipids. Self-

assemblies with larger sizes (> 1 μm) were obtained for lower DHPC fractions (XDHPC < 0.3-

0.4) at high total lipid concentrations (10-20 mM). In contrast, the average sizes were 10-20 nm 

when the XDHPC was higher than 0.4. A similar tendency was observed for a total lipid 

concentration of 8 mM, except for the self-assembly with XDHPC = 0.4. With a threshold value 

of 100 nm, self-assemblies were size-dependently classified: larger-sized assemblies (> 100 

nm) as Region (i) and smaller-sized assemblies (10-20 nm) as Region (ii). The critical XDHPC 

values are denoted as dotted lines in Figure 2-3b, and a similar tendency was observed in OD500 

analysis (Figure 2-2). Particularly, in Region (ii), a self-assembly with a much smaller size (less 

than 10 nm) was observed at a high DHPC fraction (XDHPC: ~0.95). 

Although the OD500 values cannot provide precise information about self-assembly 

size, an increase (or decrease) in the OD500 value is suitable evidence to confirm the 

transformation of one state to another, especially in a continuous measurement (heating/cooling 

and dilution). Hence, the self-assembly that appeared in Region (i) was considered a vesicle, 

and that in Region (ii) as a micelle or micelle-like small assembly (i.e., bicelle). In the case of 

the DMPC/DHPC bicelle, a jump in the OD500 value was observed upon heating [McKibbin et 

al., 2007], and can be applied to judge the existence of the bicelle. Among the self-assemblies 

categorized in Region (ii), two samples were picked-up to investigate dynamic changes in the 

OD500 values upon heating (Figure 2-4). At a total lipid concentration of 20 mM, the 

DMPC/DHPC assembly with XDHPC = 0.4 showed a significant increase in the OD500 value at 

30 °C. At XDHPC = 0.95, the OD500 value did not significantly vary upon heating and cooling, 

showing that the assembly state of the DMPC/DHPC assembly at XDHPC = 0.95 was stable, as 

micelle. It has been reported that a bicelle in an aqueous solution is not very stable; it transforms 

into a vesicle-like structure upon heating, and reversibly transforms into a bicelle upon cooling 

[Knight et al., 2016].  
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Figure 2-3. (a) Size distributions of DMPC/DHPC self-assemblies (8mM); 8 mM XDHPC = 

0.17 (a-1), 0.4 (a-2), 0.67 (a-3), and 0.95 (a-4). (b) Average size of the self-assembly in the 

solution at different DHPC fraction; total lipid concentration 20 mM (circle), 15 mM (square), 

10 mM (diamond), and 8 mM (triangle). A line between the arrows to show the region (i) and 

(ii), described in the top of figure, indicate the critical DHPC fraction that give a change in the 

turbidity of the solution, where the turbid solution was changed to the transparent one with 

increasing DHPC ratio, and the region (i) shifts rightward with the dilution. 

 

 

Figure 2-4. Temperature dependence on turbidity (OD500) of 20 mM DMPC/DHPC self-assembly; 

XDHPC = 0.17 (Region (i)), 0.4 (Region (ii-1)), and 0.95 (Region (ii-2)). This experiment was 

conducted in turn heating (20 ºC (1) → 30 ºC (2)) to cooling (30 ºC (2) → 20 ºC (3)). 
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In summary, it was shown that a vesicle could form at Region (i), whereas a micelle or 

bicelle could form at Region (ii). Although it is difficult to distinguish a bicelle and micelle 

based on their sizes, a variation in the OD500 can be a clue to identify bicelle formation. 

Considering these findings, the self-assemblies in Region (ii) were further categorized into 

Region (ii-1) (i.e., bicellar assembly) and Region (ii-2) (i.e., micellar assembly). To obtain more 

appropriate evidences, the interfacial properties can be helpful. 

 

3.3. Interfacial membrane properties of DMPC/DHPC assemblies 

DPH and Laurdan are widely used as membrane-bound fluorescent probes, and are 

known to indicate the membrane fluidity and membrane polarity, respectively. The combined 

use of DPH and Laurdan has been successful in investigating the membrane properties of 

various kinds of self-assemblies, except for those of bicelles [Mély-Goubert et al., 1980, 

Parasassi et al., 1990, Suga et al., 2013]. It is hence worthwhile to investigate the membrane 

fluidity and polarity of DMPC/DHPC assemblies of various compositions and concentrations. 

 

3.3.1. Membrane fluidity (1/PDPH) 

DPH is a non-polar molecule, which could be inserted into both the DHPC micelle and 

DMPC vesicle. By monitoring the fluorescence polarization of DPH as a parameter (1/PDPH), 

the disordered state (liquid-crystalline phase, 1/PDPH > 6) and gel phase (1/PDPH < 6) can be 

distinguished [Suga et al., 2013]. The membrane fluidities (1/PDPH) of DMPC/DHPC 

assemblies were investigated as shown in Figure 2-5. At a total lipid concentration of 20 mM, 

an increase in 1/PDPH values (> 6) was observed at high DHPC fractions (XDHPC > 0.77). At a 

total lipid concentration less than 15 mM, an increase in the values was observed at DHPC 

fractions higher than 0.91. Region (ii) could be further divided into two regions: Region (ii-1) 

with 1/PDPH < 6 and Region (ii-2) with 1/PDPH > 6. The pure micelle of DHPC was categorized 

as Region (ii-2), revealing the disordered state of the micelle membrane. In Region (ii-1), the 

self-assemblies are small, and their membranes are in ordered states. Such ordered states could 

be due to the enrichment of DMPC, because only DMPC molecules can possibly form a gel-

phase bilayer at this composition. Thus, in Region (ii-1), the DMPC/DHPC assemblies were 

shown to form ordered phases such as a gel phase, showing that the DMPC/DHPC bicelle was 

consistent with the ordered bilayer. The critical value of DHPC fraction to distinguish the two 
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regions gradually shifted from XDHPC = 0.7 (15-20 mM in total lipid concentration) to 0.9 (1 

mM). DPH prefers to bind to the ordered phase [Suga et al., 2013]; therefore, the DMPC/DHPC 

assemblies with 1/PDPH value higher than 6 were completely in a disordered state, similar to the 

liquid-crystalline phase.  

 

3.3.2. Membrane polarity (GP340) 

In DMPC/DHPC assemblies with XDHPC > 0.77 (at 20 mM), the DMPC molecules did 

not form a gel phase (Figure 2-1b). In other words, the micellar structures were not perturbed 

by the presence of relatively longer acyl chain molecules (DMPC) at XDHPC values > 0.77, 

suggesting that DMPC molecules, having longer acyl chains as compared to DHPC, are able to 

diffuse in micelle membranes freely. Laurdan, having a C12 hydrocarbon chain, can also diffuse 

in the self-assembly membrane freely, and its emission spectrum can be used to monitor the 

polar environment of each DMPC/DHPC assembly. 

 

 

Figure 2-5. Membrane fluidities of DMPC/DHPC assemblies. Total lipid concentration 20 mM 

(circle), 15 mM (square), 10 mM (diamond), 8 mM (triangle), and 1 mM (cross). The drastic 

change of each value shows transition of lipid assembling state at 1/PDPH = 6. The vertical dotted 

line in the figures displays the phase transition region (ii-1)/(ii-2) at each concentration: (ii-1) 

ordered phase, (ii-2) disordered phase. 
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Figure 2-6. Membrane polarities of DMPC/DHPC assemblies; total lipid concentration 20 mM 

(circle), 15 mM (square), 10 mM (diamond), 8 mM (triangle), and 1 mM (cross). The drastic 

change of each value shows transition of lipid assembling state at GP340 = 0.3. The vertical 

dotted line in the figures displays the phase transition region (ii-1)/(ii-2) at each concentration: 

(ii-1) ordered phase, (ii-2) disordered phase. 

 

 

Figure 2-7. Spectra of Laurdan in each 20 mM DMPC/DHPC membrane at 20 ºC. (a) XDHPC = 

0.17(Region (i)). (b) XDHPC = 0.4 (Region (ii-1)). (c) XDHPC = 0.95 (Region (ii-2)). The spectra 

were as follows:(d) XDHPC = 0.17, (e) XDHPC = 0.4 and (f) XDHPC = 0.95 at 8 mM total lipid 

concentration. 
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According to the packing of the lipid membrane, the emission properties of Laurdan 

can vary; thus, Laurdan is widely used to investigate the microscopic polarity at the lipid 

membrane interface [Parasassi et al., 1990]. At any concentration of total lipids, the GP340 

values did not change at low DHPC fractions (XDHPC < 0.4) (Figure 2-6). However, the GP340 

values varied depending on the total lipid concentration. In this study, the GP340 values of 

DMPC vesicle and DHPC micelle were used as the standard: DMPC vesicle, GP340 = 0.40 (gel 

phase); DHPC, GP340 = -0.20 (disordered phase). With high total lipid concentrations (15 and 

20 mM), the GP340 values slightly increased at the range of 0 < XDHPC < 0.5, suggesting a more 

ordered state (Region (ii-1), bicelle). The GP340 values gradually decreased in proportion to the 

DHPC fraction at XDHPC > 0.6. At the middle concentration levels (8-10 mM), the GP340 values 

were constant at 0 < XDHPC < 0.8, and varied at XDHPC > 0.8. The results of the GP340 analysis 

were also helpful to identify the bicelle and micelle of DMPC/DHPC assemblies at total lipid 

concentrations less than 20 mM. The coexistence of DHPC could disturb the ordered properties 

of the DMPC vesicle [Takajo et al., 2010]. As compared to the pure DMPC vesicle, a slight 

increase in GP340 values was observed for DMPC/DHPC assemblies at XDHPC of 0.33 or 0.4, 

suggesting more ordered (tightly packed) states of these membranes. The Laurdan emission 

spectrum was further analyzed by deconvolution (Figure 2-7). At XDHPC values of 0.33 and 0.4, 

the area fraction of λ2 (440 nm) was slightly higher than that of pure DMPC, revealing a more 

stable gel phase in the bilayer region of the DMPC/DHPC assembly. 

 

3.3.3. Comparison of interfacial membrane properties in Cartesian Diagram 

By combining the information obtained from each fluorescent probe (DPH and 

Laurdan), the phase state and phase separation behavior of the membrane can be systematically 

discussed [Nakamura et al., 2015, Bui et al., 2016, Iwasaki et al., 2017]. The phase state 

(ordered phase or disordered phase) of the membrane can be investigated based on the 

positioning of the obtained data in the Cartesian diagram, where the quadrants are set using the 

transition of the membrane properties (polarity (y-axis) and membrane fluidity (x-axis)) [Suga 

et al., 2013]. By plotting the data obtained from each self-assembly system, the interfacial 

membrane properties of various kinds of self-assemblies can be directly compared [Nakamura 

et al., 2015, Iwasaki et al., 2017]. The details are summarized in the previous work (see the 

supporting materials of Bui et al.). In Figure 2-8, the DHPC membranes show a significantly 
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higher membrane fluidity and a low GP340 value, which appeared in the boundary region of the 

first (partially disordered state) and fourth quadrants (fully disordered state). This clearly 

reveals that the DHPC micelle membrane is in a disordered state, showing higher fluidity. 

For DMPC/DHPC assemblies with various XDHPC and total lipid concentrations, the 

obtained GP340 and 1/PDPH values were plotted in the Cartesian diagram, together with some 

standard data (obtained from liposomes, Nakamura et al. 2015). The data for the DMPC/DHPC 

 

 

Figure 2-8. Comparison of interfacial membrane properties in Cartesian diagram. T = 20 ºC, 

DMPC/DHPC at 20 mM (filled circle), 10 mM (diamond), and 1 mM (cross). The value in the 

bracket neighboring to the data point show the DHPC fractions XDHPC. The position plotted in 

the Cartesian diagram indicates the phase state of each membrane: the first and fourth quadrants 

for disordered phase, and the second quadrant for ordered (gel) phase. The reference values of 

various liposomes were plotted on the diagram (empty circle); so: solid ordered phase, lo: liquid 

ordered phase, ld: liquid disordered phase. The broken line crossing at 1/PDPH = 6 and GP340 = 

0.3 is a boundary of ordered phase and partially-disordered phase. 
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mixtures (20 mM) at rather low DHPC fractions (XDHPC = 0.4 and 0.67) were plotted in the 

second quadrant, suggesting that these self-assemblies had an ordered bilayer as well as DMPC 

vesicles in the gel phase. In contrast, at XDHPC = 0.77, the data position was in the first quadrant. 

This indicates that the membrane fluidity was higher than that of the DHPC micelle, whereas 

the membrane was less hydrated as compared to the micelle. Since DHPC can behave as a 

detergent (surfactant), a mixed micelle [Fernández et al., 2002, Kučerka et al., 2011] might be 

formed in DMPC/DHPC mixture systems, but it is still difficult to compare the difference 

between a bicelle and mixed micelle. The variation in the membrane properties at XDHPC = 0.7 

suggest that the assemblies were in disordered phases. It was difficult to distinguish the bicelle 

and micelle based on their sizes; in contrast, their interfacial membrane properties were clearly 

different. Hence, the DMPC/DHPC assemblies with XDHPC ≥ 0.77 were in a disordered phase, 

wherein DMPC molecules did not form (ordered) a bilayer. In addition to the unique structural 

characteristics of the bicelle, the interfacial properties also contribute to the investigation of the 

“ordered state” of the bicelle composed of DMPC/DHPC mixtures.  

Limited to DMPC/DHPC systems, the bicelle assemblies required the interfacial 

membrane properties of the gel phase. By defining these assemblies as “gel-bicelles,” a micelle 

(Region (ii-2)) and gel-bicelle (Region (ii-1)) can be clearly distinguished based on their 

interfacial properties. Similarly, a systematic characterization was carried out for the 

DMPC/DHPC assemblies at total lipid concentrations of 1-10 mM. While the 1/PDPH and GP340 

values at XDHPC = 0.77 slightly changed, the interfacial membrane properties of the assemblies 

with XDHPC of 0.4 and 0.67 remained constant. In vesicle systems, the GP340 values varied 

depending on the temperature: GP340 > 0.3 in gel phase (T < Tm), and GP340 > -0.2 in fluid phase 

(T > Tm) [Cyrus et al., 2012]. The GP340 value gradually decreases at temperatures slightly 

higher than the Tm. When the GP340 value is lower than 0.3, the membrane is heterogeneous 

(under phase transition, coexistence of two phases). These results imply that ordered 

membranes (1/PDPH < 6, GP340 > 0.3) were maintained at XDHPC of both 0.4 and 0.67, at low 

total lipid concentrations. This is the first investigation of the interfacial membrane properties 

of DMPC/DHPC assemblies. I found that the bicelle membranes (Region (ii-1)) were in ordered 

states; the bilayer membranes are tightly packed as well as or better than the pure gel phase of 

DMPC vesicles. 
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3.4. Discussion on phase behavior of DMPC/DHPC assemblies 

DMPC/DHPC self-assemblies were classified into three categories: Region (i), Region 

(ii-1), and (ii-2). The assemblies of Region (ii-1) were small micelles, which exhibited an 

ordered phase similar to that of the gel-phase vesicles. Hence, they can be considered as gel-

phase bicelles. The phase behavior of the DMPC/DHPC assemblies at 20 ºC is showed as a 

diagram (Figure 2-9). The self-assemblies at Region (i) were observed, typically, with excess 

DMPC and less DHPC, due to which the DMPC/DHPC mixtures could form vesicles 

independent of the total lipid concentration. On the contrary, the transparent solutions including 

the self-assemblies of small size (less than 10 nm) were observed in the condition with excess 

DHPC and less DMPC (Region (ii-2)). These concentration levels well correspond with the 

well-known and usual conditions to prepare the DMPC liposome and DHPC micelle. 

 

 

Figure 2-9. Phase diagram for DMPC/DHPC assemblies at 20 ºC, investigated by systematic 

characterization. The bold filled squares showed the increasing turbidities each DHPC fractions 

as the morphological change. The phase boundary concentrations of XDHPC = 0.77, 0.4, and 0.33, 

are 9 mM, 12 mM, and 16 mM, respectively (described in total lipid concentration). The light- 

and dark-gray circles are transparent assemblies due to form small assemblies. These had each 

membrane property; (light-gray) ordered phase, (dark-gray) disordered phase. 
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There is an extra region to obtain self-assembly with certain characteristics such as 

transparent solution, small size (10-20 nm), dependence of size on the DHPC fraction, rather 

ordered properties of surface (plotted at the second quadrant in the Cartesian diagram), and 

temperature-sensitive behavior of optical density. The gel phase is beneficial to form a planar 

bilayer; however, it is notable that the essential property of a bicelle should be magnetic 

orientation originating from its discoidal structure [Sanders et al., 1992]. In the case of the 

bicelle or discoidal assembly in the TEM image [van Dam et al., 2004], the self-assembly has 

two different patterns of shapes, such as face-on (sticky image) and edge-on (discoidal image). 

Together with the findings obtained in this study, a geometric consideration of the self-assembly, 

focusing on the molar ratio of DHPC and DMPC at Region (ii-1) (DMPC/DHPC = ~1:2-2:1), 

suggests that a bicelle-like structure could form. Figure 2-10a shows the TEM image of the 

DMPC/DHPC assembly with XDHPC = 0.5 (total lipid concentration of 20 mM), revealing a non-

spherical shape, rather a discoidal shape. As schematically showed in Figure 2-10b, since both 

shapes (face-on and edge-on) could be revealed, the DMPC/DHPC assembly that satisfies a 

small size (< 30 nm) and “ordered” interfacial properties could be considered as a bicelle.  

 

 

Figure 2-10. TEM images of DMPC/DHPC mixture; (a) XDHPC = 0.4, 20 mM, and (b) the image 

of the bicelle like structure. 
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4. Strategy to Prepare Membranous Functional Materials 

As the summary of the classification of self-assemblies in DMPC/DHPC system, a 

general scheme to quality of the properties is shown in Figure 2-11. Together with “bicelle” 

diagram (Figure 2-9), the condition to prepare the self-assemblies can be optimized based on 

this “qualitative” scheme. The application of the diagram and scheme to utilization of bicelles 

in various membranous materials will be shown in the next chapters. The discoidal membrane 

was utilized for the nano-platform of functional molecules (chlorophyll a) in chapter 3. 

Furthermore, I focus on the morphological change of bicelle upon its dilution. The 

developments of large membrane materials, such as vesicles and planar membranes (supposed 

bilayer membranes) are shown in chapter 4 and 5, respectively. A sophisticated protocol of the 

preparation of membranous functional materials is then constructed after clarifying the control 

factors for the continuous preparation of membranous materials using bicelles.  

The conventional membrane preparations are developed to apply the materials for 

functional materials. The thin film hydration can prepare a vesicle with high yield, regularly 

[Johnson et al., 1971, Nakamura et al., 2015]. Although organic solvents rarely remain in the 

membranes in this method, the preparation process is not suitable to continuous method because 

of its multi-steps and preparing morphology. Reverse phase evaporation (RPE) and similar 

semi-batch type methods are invented to solve the problem [Szoka et al., 1978, Imure et al., 

2003]. Furthermore, continuous systems facilitate the industrial application of membrane 

materials [Wade et al., 2017]. The preparation method based on RPE remined organic solvents 

in the hydrophilic inner membrane [Karamdad et al., 2015], which is expected to weaken the 

packing of the bilayer membrane and to be different membrane properties. Therefore, a design 

of membrane preparation is required for various membranous materials. 

In this chapter, I obtained the systematic information on the membrane properties, such 

as membrane fluidity and membrane polarity, of DMPC/DHPC self-assemblies with dilution at 

Ctotal = 1-20 mM. The assemblies showed variation of membrane properties at each condition 

(component and concentration) while transforming the morphology from bicelle to vesicle in 

dilution process. The morphological change occurred by removing DHPC molecules from the 

edge of a bicelle. I proposed that the controlling concentration of DHPC was a key factor for 

sophistication of preparation protocol of membranous functional materials. The following 

chapter, especially chapter 4 and 5, described the result of the preparation of the membranous 

materials based on this proposal and the result of chapter 2. 
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Figure 2-11. Scheme for classification of morphology of DMPC/DHPC self-assemblies. 

Region (i) and (ii-2) were applied to membrane materials in the following chapters. 
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5. Summary 

I systematically characterized self-assemblies composed of DMPC/DHPC at total lipid 

concentrations less than 20 mM (< 1wt% lipid). The assemblies were categorized as Region (i), 

Region (ii-1), and Region (ii-2), in which the dominant state was large vesicle (> 30 nm), gel-

bicelle (≤ 30 nm, “ordered” interfacial properties), and micelle (≤ 30 nm, “disordered” 

interfacial properties), respectively. In particular, the bicelles observed in the DMPC/DHPC 

mixture systems exhibited both low membrane fluidity (1/PDPH < 6) and high membrane 

polarity (GP340 > 0.3). This reveals that the DMPC/DHPC bicelle structure could be observed 

only below 23 °C (T < Tm of DMPC), because the mean head group area of DMPC increases 

and the bilayer packing decreases in the disordered phase. The transparency of the suspension 

is a good indicator to roughly judge the size of the self-assembly [Matsuzaki et al., 2000]. In 

the conditions of fixed total lipid concentration, the self-assembly structure could be controlled 

using the DHPC fraction ratio: bicelle for 0.33 ≤ XDHPC ≤ 0.67 and micelle for XDHPC ≤ 0.77. In 

the conditions of fixed XDHPC (especially at 0.33 < XDHPC < 0.4), dilution lead to transformation 

from bicelle to vesicle, with a jump-up in turbidity. The findings of this study are summarized 

in a diagram, which reveals the phase behavior of DMPC/DHPC assemblies at 20 ºC. Bicelle 

assemblies can be used as lipid sources in supported lipid bilayer preparation [Kolahdouzan et 

al., 2017]. Based on the phase equilibrium, DHPC molecules can be excluded from bicelle 

membranes by dilution. Utilizing this, bicelle assemblies can be applied for a continuous vesicle 

preparation process flow system.  
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Chapter 3 

Preparation of Discoidal Functional Membrane;  

Aggregation of Chlorophyll a (Chla) on DMPC/DHPC Bicelle 

 

1. Introduction 

Chlorophyll (Chl) molecules are natural photosynthetic pigments that form lateral 

aggregates in biological membranes of plant and photosynthetic bacteria [Niwa et al., 2014]. In 

a light-harvesting (LH) systems, the formation of Chl aggregates can expand the range of 

absorbance bands in the near-infrared region, which enables the capture of more photons over 

a wider range of wavelength in sunlight [Wang et al., 2009, Chen et al., 2011]. In the LH1 

complex, chlorophyll a (Chla) is usually present in an aggregated state due to the interaction 

with the histidine residue of the apoprotein. In this configuration, the Chla molecules align in 

an orderly arrangement around the core protein in the lipid bilayers [Umena et al., 2011, 

LeBlanc et al., 2014, Yaghoubi et al., 2015, Bennett et al., 2016]. LH1 reconstructed on lipid 

membrane system can form an artificial photo antenna unit focusing on its light harvesting 

functions [Niroomand et al., 2017, 2018]. To maintain the function of LH1, the scaffold 

membrane must be optimized: Niroomand et al. reported about the importance of the phytyl 

structure of phospholipids in the reconstruction of LH1 in liposome membranes [Niroomand, 

Mukherjee et al., 2017]. The absorbance wavelength range of LH1 units can be controlled by 

the aggregation state of antenna molecules. Aggregation of Chla contributes to the absorption 

of red photons (λ = 700–750 nm) [Porcar-Castell et al., 2014]. Chla J-aggregate are crucial in 

expanding the absorbance wave range. In general, only a small fraction of Chla (2–3%) remains 

in the living membranes [Santabarbara, et al., 2001, 2001, 2006]. These collective findings have 

spurred investigations of the aggregation behavior of Chla in biological and artificial 

photosynthesis systems. 

Metal-porphyrin derivatives, including Chla, have been used as LH antennae in solar 

energy systems [Toyoshima et al., 1977, Tsujisho et al., 2006, Patwardhan et al., 2012]. Chl 

can act as an electron donor/acceptor group for dye-sensitized solar cells. For example, zinc 

(Zn)-chlorophyll aggregates formed on a photo-electrode can enable efficient electron transfer 
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[Li et al. 2015]. Chla has been utilized as photosensitizer to promote the photo-reduction of 

aqueous methyl viologen (MV2+). Surfactants are required for this application because Chla 

molecules are poorly soluble in aqueous media [Tomonou et al., 2002, 2002, 2004]. The water-

soluble porphyrins have also been studied to investigate their photo-reduction activities [Amao 

et al. 2002, Kondo et al. 2005]. Dimer formation of Zn-porphyrin decreases photo-reduction of 

MV2+ [Kondo et al., 2015]. It is assumed that the J-aggregate of Chla influences the photo-

reduction of MV2+, while this activity has not been verified due to the difficulty in forming J-

aggregates. 

Several reports have addressed the aggregation behaviors of Chla in phospholipid 

membrane systems. Chla molecules can embed into egg-yolk lecithin liposomes as a monomer 

(non-aggregation) [Bialek-Bylka et al., 1986]. It has been reported that 1.8 mol% of Chla 

incorporated into 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine liposomes can form 

domains, suggesting the formation of lateral aggregates of Chla [Yoshimoto et al., 2013]. 

Milenkovic et al. reported the influence of vesicle lamellarity on the Soret band and Q band 

spectra of Chla because of the location (i.e., polar environment around chromophore) of Chla 

[Milenkovic et al., 2013]. The presence of cholesterol in 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine vesicles alters the fluidity of the membrane and shifts the Soret band and Q 

band spectra of Chla [Hiromitsu et al., 1987]. The Soret band spectra of Chla can change 

depending on the phase state of liposome membranes [Taguchi et al., 2017]. These results 

clearly indicate that the local environment around Chla is crucial in regulating the aggregation 

behaviors of Chla molecules. However, the aggregated Chla (J-aggregate) have rarely been 

observed at lower Chla concentrations in membranes (molar fraction of Chla [Chla%] < 10 

mol%) [Hoshina, 1981]. In seeking a possible platform for the formation of J-aggregates of 

Chla, vesicles and other self-assembly systems, including micelles and bicelles [van Dam et al., 

2004], should be studied. 

The aim of this chapter is to demonstrate the advantage of a discoidal membrane for a 

core membrane material via the aggregation behaviors of Chla molecules in the self-assembly 

of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), which is relatively longer, and 1,2-

dihexanoyl-sn-glycero-3-phosphocholine (DHPC), which is relatively shorter, and to 

characterize the aggregated Chla (Scheme 3-1). First, to understand the behavior of Chla 

molecules with a phase state of bilayer membrane, the physicochemical properties of the 
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liposomes modified with Chla were systematically characterized by using spectroscopic 

analyses. The fluidities of a bulk membrane of the lipid bilayer and the local membrane around 

a chromophore were characterized by using fluorescent spectra of 1,6-diphenyl-1,3,5-

hexatriene (DPH) and Chla itself, respectively. Next, using parameters such as the fraction of 

DHPC (XDHPC) in DMPC/DHPC and total lipid concentration (Clipid) calculated as 

[DMPC]+[DHPC]+[Chla], the lipid membrane compositions capable of inducing J-aggregate 

formation of Chla in aqueous solution were investigated. The local hydrophobicity around Chla 

in DMPC/DHPC membranes was analyzed based on the deconvolution of the Soret band 

spectrum (400-440 nm). The photo-reduction activities of Chla J-aggregates induced in 

DMPC/DHPC membranes were evaluated by monitoring the reduction kinetics from MV2+ to 

MV+•. 

 

 

Scheme 3-1 Chla aggregation on bilayer of DMPC/DHPC bicelle. 
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2. Materials and Methods 

2.1. Materials 

Mg-chlorophyll a (Chla) was purchased from Senshu Scientific Co., Ltd. (Tokyo, 

Japan). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, C16:0: Tm = 41 ºC), 1,2-

dihexanoyl-sn-glycero-3-phosphocholine (DHPC, C6:0) and 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC, C14:0: Tm = 23 ºC) were purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL, USA). 1,6-Diphenyl-1.3.5-hexatriene (DPH) was purchased from Sigma-

Aldrich (St. Louis, MO, USA). 1,1'-Dimethyl-4,4'-bipyridinium dichloride (Methyl viologen, 

MV) was obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Ethylenediamine-

tetraacetic acid (EDTA) was purchased from DOJINDO Molecular Technologies, Inc. 

(Kumamoto, Japan). Ultrapure water was prepared with the Millipore Milli-Q system (EMD 

Millipore Co./Direct-Q® UV3). 

 

2.2. Liposome and bicelle preparation by thin-film hydration method 

A chloroform solution of phospholipids was dried in a round-bottom flask by rotary 

evaporation under vacuum [Komatsu et al., 1995]. The resulting lipid films were dissolved in 

chloroform once more, and the solvent was evaporated. This operation was repeated at least 

twice. The obtained lipid thin film was kept under high vacuum for at least 3 h and then hydrated 

with distilled water at room temperature. The obtained DPPC liposome suspension was frozen 

at -80 °C and then thawed at 60 ºC to enhance the transformation of small liposomes into larger 

multilamellar vesicles (MLVs). This freeze-thaw cycle was repeated five times. MLVs were 

used to prepare large unilamellar liposomes by extruding the MLV suspension 11 times through 

2 layers of a polycarbonate membrane with a mean pore diameter of 100 nm using an extruding 

device (Liposofast; Avestin Inc., Ottawa, Canada). Chla (2mol%) included liposomes were also 

prepared by the same method. On the other hand, the obtained DMPC/DHPC suspension was 

frozen at -80 ºC and then thawed at 40 ºC (T >Tm (DMPC)); this freeze-thaw cycle was repeated 

five times. Figuring the composition of DMPC/DHPC membranes, the fraction of DHPC is 

described as follows: XDHPC = [DHPC]/([DMPC]+[DHPC]). The Chla–incorporated 

phospholipid membranes were prepared by the same method described in the above. Total lipid 

concentration is described as Clipid = [DMPC] + [DHPC] + [Chla]. Each sample was incubated 

at 4 ℃ for 1 week from preparation, and then was used for following measurements. For the 
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diluted samples, they were incubated at 20 ºC at least for 1 h in dark, and then were applied for 

measurements.  

 

2.3. Evaluation of the membrane fluidity of liposomes 

The fluidity of the liposome membrane was evaluated based on the previous reports 

[Lentz et al., 1989, Hayashi et al., 2011]. A fluorescent probe DPH was added to a liposome 

suspension with a molar ratio of lipid/DPH = 250/1; the final concentrations of lipid and DPH 

were 100 and 0.4 μM, respectively. The fluorescence polarization of DPH (Ex. = 360 nm, Em. 

= 430 nm) was measured using a fluorescence spectrophotometer (FP-8500; JASCO, Tokyo, 

Japan) after incubation at 30 ºC for 30 min. The sample was excited with vertically polarized 

light (360 nm), and emission intensities both perpendicular (I⊥) and parallel (I‖) to the excited 

light were recorded at 430 nm. The polarization (P) of DPH was then calculated by using the 

following equations: 

𝑃𝐷𝑃𝐻 = (𝐼∥ − 𝐺𝐼⊥) (𝐼∥ + 𝐺𝐼⊥)⁄  

𝐺 = 𝑖⊥ 𝑖∥⁄  

where i⊥ and i‖ are emission intensity perpendicular and parallel to the horizontally polarized 

light, respectively, and G is the correction factor. The membrane fluidity was evaluated based 

on the reciprocal of polarization, 1/PDPH. 

 

2.4. Differential scanning calorimetry (DSC) analysis of liposomes  

A differential scanning calorimeter (DSC-60; Shimadzu, Kyoto, Japan) was used for 

calorimetric measurements of liposomes. Chla/liposome suspension (50 mM, 20 μL) samples 

were sealed in an alumina hermetic pan. Thermograms were obtained with a heating and cooling 

rate of 2 °C/min between 25 and 50 °C. There were no significant differences between the 

thermograms in heating and in cooling processes for one sample. At least, three cycles of 

heating/cooling were repeated in each experiment, and the accumulated data were used for the 

calculation of Tm values. 

 

2.5. Fluorescence polarization of Chla on liposomes 

The fluorescence polarization of Chla (Ex. = 584 nm, Em. = 670 nm) was measured 

using a fluorescence spectrophotometer (FP-8500; JASCO, Tokyo, Japan) after incubation at 
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different temperatures (30-50 ºC). The samples were excited with vertically polarized light, and 

emission intensities both perpendicular (IVH) and parallel (IVV) to the excited light were 

recorded at 670 nm. The steady-state polarization, P, of Chla was calculated by using the 

following equations: 

P = (IVV- G IVH) / (IVV+GIVH) 

G = IHV / IHH 

where the different intensities are the steady-state vertical and horizontal components of the 

fluorescence emission, with excitation vertical (IVV and IVH, respectively) and horizontal (IHV 

and IHH, respectively) to the emission axis. The latter pair of components is used to calculate 

the G factor. 

 

2.6. UV-vis spectroscopy measurement 

A UV-Vis spectrum of each self-assembly was measured by UV-1800 

Spectrophotometer (Shimadzu, Kyoto, Japan), using a quartz cuvette with a light path length of 

1 cm. Baseline was corrected by ultrapure water. To assess the morphology of assemblies, the 

turbidities of the sample solutions were recorded at 500 nm (OD500). For each sample, the 

absorbance was recorded from 300 to 800 nm, at 20 ºC.  

 

2.7. Deconvolution analysis of UV-vis spectra of Chla 

Chla molecules have two overlapping absorption at Soret band (300-500 nm). The 

absorption band is split into four bands due to asymmetric structure. The overlapping band was 

deconvoluted by Peak Fit v.4.12 (Systat Software Inc., San Jose, CA, USA) [Taguchi et al. 

2017]. The peak intensity ratio of Bx (420 nm) and By (440 nm) were investigated.  

 

2.8. Photo-induced reaction of methyl viologen (MV)  

The light energy can be efficiently transferred from Chla to MV2+, as the MV2+ 

molecules act as electron acceptors in the presence of photosensitizer [Kondo et al., 2015]. The 

experiments were conducted according to a literature (Scheme 3-2) [Taguchi et al., 2017]. 

Briefly, a solution of ethylendiaminetetraacetic acid (EDTA: total concentration of 20 mM) 

containing 2 mM MV2+ was prepared, and the solution pH was adjusted to neutral (6.9-7.2) by 

adding NaOH. In case of DPPC liposome, after 30 min incubation at several temperatures (20, 
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30, 40, 50 ºC), the solution was irradiated with 500 W Xenon lamp (Optical modulex, Ushio 

Inc.) at a distance of 30 cm. In contrast, Chla-incorporated DMPC/DHPC suspensions were 

added to this solution; the final concentrations of lipid [DMPC+DHPC] and Chla (0.3mol% vs. 

lipids) were 0.83 mM and 2.5 μM, and the final volume of sample was 3 mL. The accumulated 

MV+• concentration was determined by the absorbance at 603 nm using the molar coefficient 

13,000 M-1cm-1 [Watanabe et al., 1982]. The photo-reduction of MV was outlined as follows. 

 

𝐶ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑎 (𝐶ℎ𝑙𝑎)
ℎ𝑣
→ 𝐶ℎ𝑙𝑎∗ 

𝐶ℎ𝑙𝑎∗ +𝑀𝑉2+
𝑘𝑟
→ 𝐶ℎ𝑙𝑎+∙ +𝑀𝑉+∙ 

𝐶ℎ𝑙𝑎+∙ + 𝐸𝐷𝑇𝐴→𝐶ℎ𝑙𝑎 + 𝐸𝐷𝑇𝐴𝑜𝑥 

 

The reaction rate constant (kr) of the MV+• accumulation was calculated by assuming the first-

order kinetic model, [MV+•] = Am[1-exp(-krt)], wherein Am represents saturated product 

concentration [Kondo et al., 2015]. The initial rate constant Vmax was calculated as the 

accumulation rate of MV+• at 0-to-20 min span, and turnover number was calculated as kcat = 

Vmax/[Chla]. 

 

 

Scheme 3-2 Photo-reduction of methyl viologen by excited Chla on membrane. 
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3. Results and Discussion  

3.1. Behaviors of Chla Molecules on the bilayer of DPPC Membrane 

In order to study the behaviors of Chla molecules on a liposome membrane, UV-vis 

spectra of Chla on the DPPC liposome membrane (DPPC/Chla) were analyzed. As shown in 

Figure 3-1, the DPPC/Chla was found to show Soret band (350 – 450 nm) and Q band (500 – 

700 nm) similar to Chla. In addition, the absorbance at the Soret band increased by raising 

temperature. This temperature dependence is considered to be caused by the activated 

interactions between Chla-Chla and Chla-lipid molecules. It has been reported that the 

excitonic couplings among the Soret and Qy transitions were due to the pigment self-aggregates 

of Chla molecules in a chlorosome, by assuming the directions of the transition-dipole vectors 

of the Chla molecular planes [Shibata et al. 2010].  

The membrane fluidity of the liposome modified with Chla was analyzed by using 

DPH as a fluorescence probe. Figure 3-2a shows the temperature dependence of the membrane 

fluidity (1/PDPH) of the DPPC liposomes with and without Chla. While the 1/PDPH value of the 

DPPC liposome was not changed below the Tm (41.0 ºC), the 1/PDPH value increased with the 

increase of the temperature at T > Tm, and reached a plateau (~13). A similar tendency was also 

observed in the case of the DPPC liposome modified with Chla, except that the Tm value was 

slightly shifted to the higher temperature (Tm  = 42.3 ºC) and that the 1/PDPH  

 

 

Figure 3-1. UV-vis spectra of the DPPC liposome with Chla (DPPC/Chla) liposome: (solid) 30 

ºC, (dotted) 40 ºC, (broken) 41 ºC, (dot-dash) 42 ºC, and (two-dot chain) 50 ºC. These spectra 

were proofread by spectra for only the DPPC liposome. Soret: band 350-450 nm, Q band: 500-

700 nm. These spectra were proofread by spectra for only DPPC vesicle. 
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value at the plateau (~9) was lower than that of the DPPC liposome. These results indicate the 

following: As Chla possesses a hydrophobic chain and can be inserted into lipid bilayer, Chla 

suppressed the fluidity of the DPPC membrane via interactions between DPPC and Chla even 

after the fluidity increased over the phase transition temperature. 

In order to estimate the ordered orientation of Chla molecules in the DPPC membrane, 

the fluorescence polarization of Chla was measured at various temperatures by a similar method 

used in membrane fluidity. Figure 3-2b indicated the temperature dependence of the reciprocal 

value of fluorescence polarization of Chla (1/PChla). Below the Tm (40.2 ºC), the 1/PChla value 

increased with the increase in temperature; the value was drastically increased at the Tm and 

reached a constant value. It was previously reported that Mn-(5,10,15,20-tetrakis [1-

hexadecylpyridium4-yl]-21H,23H-porphyrin) containing liposomes also showed similarity in 

the temperature dependence of membrane fluidities [Umakoshi et al., 2008]. On the contrary  

 

 

Figure 3-2. (a) Membrane fluidity (via DPH) of DPPC/Chla liposome; (circle) DPPC liposome, 

(square) DPPC/Chla liposome. At low temperature a membrane forms the ordered phase. The 

phase transition temperature (Tm,DPPC: 41.6 ºC) was shifted to disordered phase of membrane. 

It was found that the membrane fluidity of the inner DPPC/Chla liposome was lower than that 

of the DPPC liposome. (b) The fluoresce polarization (P) of Chla on the DPPC membrane. At 

over the phase transition temperature, the polarization of Chla scarcely changed. An inverse 

number of the polarization decreased with lowering temperature.  
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to the previous finding, Chla molecules are oriented at the interface of the DPPC membrane at 

gel phase and their ordered orientation was gradually broken with the temperature increase 

below the Tm.  

The effect of Chla on the phase transition temperature of the DPPC liposomes was 

furthermore examined by DSC measurements. Figure 3-3 shows the heating curves of the 

DPPC and the DPPC/Chla liposome, indicating that the phase transition temperature of DPPC 

was shifted to lower temperature by adding Chla. The thermodynamic properties such as Tm 

and enthalpy change (ΔH) were summarized in Table 3-1. In the case of the DPPC/Chla 

liposome, the ΔH value was increased by adding Chla, which is attributed to the interactions 

between lipid molecules and Chla.  

From these results, I conclude that the influence of Chla molecules on liposome 

membranes as well as the behavior of Chla, which is depicted in Figure 3-4, can be analyzed 

by the UV-VIS spectra, fluorescence polarization, and DSC method.  

 

 

 

Figure 3-3. Differential scanning calorimetry (DSC) heating curves for the DPPC liposome 

(black) and the DPPC/Chla liposome (gray) (50mM). The main transition temperatures of the 

DPPC, and the DPPC/Chla were 40.7 ºC, and 40.1 ºC, respectively. The phase transition 

temperature of the DPPC/Chla was slightly lower than that of the DPPC liposome. 
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Table 3-1 The summary of thermodynamic properties for the phase transitions of the DPPC 

bilayer membranes. 

 

 

 

Figure 3-4. The illustration of DPPC membrane states with the increase in temperature. 

 

3.2. Photosensitized function of liposome with Chla 

I have with selected MV as a redox material. The light energy can be efficient 

transferred from Chla to MV2+ because the reduction potential of MV2+ is lower than one of 

photo-excited Chla [di Matteo, 2007, Kobayashi et al., 2007]. Based on the plausible model of 

the Chla molecules on a liposome membrane, the light-harvesting function of Chla on the 

DPPC membrane was finally studied by selecting the reduction of MV under the irradiation of 

UV-visible light [Tsujisho et al., 2006]. Figure 3-5a shows the time course of the MV+• 

concentration in the presence of the DPPC/Chla liposomes, where the initial rate of MV+• 

formation varied depending on the temperature. From the obtained results at the various 

temperatures, the kinetic constant (kr) of the MV+• formation was calculated by assuming the 

first-order kinetic model, [MV+•] = Am[1-exp(-krt)], wherein Am represents saturated product 

concentration, and the obtained kr values were plotted against the temperature as shown in 

Tm [ºC] ΔH [kJ/mol]

DPPC 40.7 29.91

Chla/DPPC 40.1 31.54
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Figure 3-5b. As control experiment, I studied a photoreduction of MV2+ with DPPC liposome 

without Chla. The MV+• formation used DPPC liposome was lower than one used DPPC with 

Chla liposome at same period. So, the photoreduction of MV2+ was accelerated by Chla on 

membrane. Below the Tm, the kr value was gradually reduced with the increase of temperature 

and a relatively-large decrease was observed above Tm. The dissipation in light-irradiation 

energy is known to be gradually increased by temperature raising; however, a sudden decrease 

of the kr values cannot be explained by such a dissipation effect. The decrease in kr value was 

considered to be caused by the orientation of Chla molecules on liposome membrane, which 

varied physicochemical properties with the increased temperature. Because the variation of the 

phase of phospholipid changed the membrane surface structure, the accessibility of Chla to MV 

changed a photoreduction [Nacke et al., 2011]. Considering the behaviors of Chla molecules 

on a liposome membrane (Figure 3-4), it is considered that the orientation of Chla molecules 

themselves can relate to the light-harvesting function on the liposome membrane. 

 

 

Figure 3-5. (a) The change in the concentration of MV+• vs. irradiation time; (circle) 20 ºC, and 

(square) 50 ºC. (b) The reduction rate constant of methyl viologen at each temperature. 
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3.3. Ultraviolet-visible (UV-Vis) spectra of Chla-incorporated on DMPC/DHPC 

assemblies 

The UV-Vis absorption spectrum of Chla-incorporated in DMPC/DHPC membranes 

at XDHPC = 0.4 is shown in Figure 3-6. A Chla absorbed at approximately 420-440 nm (Soret 

band) and approximately 650-670 nm (Q band) [Agostiano et al., 1993]. Chla J-aggregates 

were confirmed by the presence of a peak at 700-750 nm. At 20 ºC, the J-aggregates formed in 

DMPC/DHPC at XDHPC = 0.40, Clipid = 20 mM, Chla% = 1.2 mol%, while J-aggregates did not 

form in the assemblies comprising solely of DMPC or DHPC (Figure 3-7). DMPC and DHPC 

formed vesicles and micelles (CDHPC >16 mM), respectively. DMPC/DHPC mixtures can form 

bicelles at a Clipid of approximately 200 mM [van Dam et al., 2004]. The differences in the 

turbidity could be related to the morphology of self-assemblies, in which a micelle solution is 

transparent, whereas a vesicle suspension is turbid. Thus, optical density (OD) provides an 

indication of the morphology of phospholipid assemblies. The states of self-assembly and Chla 

aggregation were investigated by monitoring OD at 500 nm (OD500), and the Q band. 

 

 

Figure 3-6. (a) UV-Vis spectra of Chla molecules incorporated in DMPC/DHPC at XDHPC = 

0.40. Clipid =20 mM, Chla% =1.2 mol%. The measurements were conducted at 20 ºC. (b) 

Picked-up at 700-800 nm.  
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Figure 3-7. UV-Vis spectra of Chla molecules incorporated in vesicles and micelles. (a) DMPC 

vesicle, Clipid =20 mM, Chla% =1.2 mol%. (b) DHPC micelle, Clipid =20 mM, Chla% =1.2 

mol%. Measurements were conducted at 20 ºC. 

 

 

3.3.1. Self-assembly states of Chla incorporated in DMPC/DHPC mixtures 

At Clipid 20 mM, the OD500 values were dependent on DMPC/DHPC ratio (q) (Figure 

3-8a). At XDHPC = 0.40, the OD500 values also increased in proportion to the Chla amount 

(Chla%: 0 to 7.8mol%) (Figure 3-8b). The phase behaviors of DMPC/DHPC at such low Clipid 

values have not been investigated previously [van Dam et al., 2004, Ye et al., 2014]. The 

observation that the suspensions were almost transparent (OD500 < 0.1) at XDHPC > 0.33 suggests 

that smaller self-assemblies could be formed by DMPC/DHPC at XDHPC > 0.33 and 20 ºC. The 

suspension of DMPC/DHPC at XDHPC = 0.40 was almost transparent, suggesting the formation 

of small assemblies. As shown in Figure 3-8b, the turbidity values increased with the amount 

of Chla% ≥ 1.2 mol%. This might suggest further aggregation of self-assemblies (e.g., stacked 

bicelles), in which the anti-parallel arrangement of Chla J-aggregates might be formed by face-

to-face interaction between the interfaces of the self-assemblies. In our previous studies, the 
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turbidity of self-assembly suspensions can be varied depending on the composition [Hayashi et 

al., 2015, 2017]. By adding Chla, the turbidity of the solution slightly increased. Agostiano et 

al. have reported that Chla molecules tend to stabilize lamellar phases of sodium bis-2-

ethylhexyl-sulfosuccinate (AOT) [Agostiano et al., 2000]. When DMPC/DHPC suspensions at 

XDHPC = 0.40 were diluted, the turbidities increased in the absence or presence of Chla (data not 

showed). This might be due to the morphological changes of the self-assemblies although the 

J-aggregates were maintained after dilution (see below).  

 

 

 

Figure 3-8. (a) OD500 values of self-assembly suspensions, in the presence or absence of Chla. 

Symbols indicate the different molar ratio of Chla: 0 mol% (circle), 0.3 mol% (square), 1.2 

mol% (diamond), 2.4 mol% (triangle), and 7.8 mol% (cross). For all samples, Clipid = 20 mM. 

(b) Relationship of Chla% and OD500 values, in DMPC/DHPC at XDHPC = 0.40. Measurements 

were conducted at 20 ºC. 
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3.3.2. Aggregation behaviors of Chla molecules at membrane surfaces 

Lateral aggregation of Chla can be determined by the peak shift of Q band. In the solvent 

system, Chla displayed the Q band peak at 660 nm in acetonitrile (CH3CN). The peak shifted to 

670 nm in CH3CN/water at a ratio of 3:7, and a peak at 740 nm was generated, which can be 

evident for J-aggregates [Agostiano et al., 2002]. Peak shifts have been observed for the Chla 

molecules incorporated in liposomes [Bialek-Bylka et al., 1986, Milenkovic et al., 2013]. The 

findings indicate that the polar environment around Chla molecules could be a controlling factor 

in the induction of J-aggregate formation. In this study, the J-aggregates of Chla were observed 

at XDHPC = 0.40, Clipid = 20 mM, Chla% =1.2 mol% (Figure 3-9), but were not evident at Chla% 

= 0.3 mol% with XDHPC = 0.40 and 0.67 (Figures 3-9 and 3-10). It seems that the fraction of 

DHPC is a dominant factor in the condensation of Chla molecules in membranes. Correia et al. 

recently reported the aggregation behaviors of Chla in detergent:lipid systems [Correia et al., 

2014]. Using N-dodecyltrimethylammonium chloride and DMPC as the detergent and lipid, 

respectively, J-aggregate formation of Chla was induced at a detergent:lipid ratio of 33. 

 

 

 

Figure 3-9. (a) Q band spectra of Chla molecules in DMPC/DHPC at XDHPC = 0.40. Samples 

were prepared at Clipid =20 mM (top), and then diluted in 2 times (mid) or 20 times (bottom). 

Chla% =1.2 mol%. Q band and J-aggregate peaks were appeared at 669, and 740 nm, 

respectively. (b) Picked-up at 700-800 nm. Measurements were conducted at 20 ºC.  
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Figure 3-10. (a) Q band spectra of Chla molecules in self-assemblies. Samples were prepared 

at Clipid = 20 mM (top), and then diluted in 2 times (mid) or in 20 times (bottom). DMPC/DHPC 

at XDHPC = 0.40, Chla% = 0.3 mol%, Q band peak at 669 nm. (b) Picked-up at 700-800 nm. 

Measurements were conducted at 20 ºC. 

 

 

Figure 3-11. (a) Q band spectra of Chla molecules in self-assemblies. Samples were prepared 

at Clipid = 20 mM (top), and then diluted in 2 times (mid) or in 20 times (bottom). DMPC/DHPC 

at XDHPC = 0.67, Chla% = 0.3 mol%, Q band peak at 669 nm. (b) Picked-up at 700-800 nm. 

Measurements were conducted at 20 ºC. 
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In this ratio, bicelles and vesicles can coexist [Viseu et al., 2010]. It is thus assumed that the 

bicelle structure is a potential advantage for the induction of the J-aggregates of Chla. Presently, 

the self-assembly structure of DMPC/DHPC at XDHPC = 0.40, with the potential to form bicelles 

[van Dam et al., 2004], could induce J-aggregate formation of Chla, while DMPC vesicles or 

DHPC micelles could not. The models for chlorophyll J-aggregates can be considered as an anti-

parallel arrangement that can be formed between “two interfaces”, and a parallel arrangement 

that can be formed in “an interphase” [Huber et al., 2007]. The former arrangement might be 

formed between the planar bilayer regions between bicelles, whereas in the case of vesicles or 

micelles, the parallel arrangement might be difficult due to membrane curvature. The results 

demonstrated that the Chla J-aggregates were generated in the DMPC/DHPC membranes at 

XDHPC = 0.40, Clipid = 20 mM, and the generated Chla aggregates could be maintained after the 

dilution (Clipid = 1 mM). Furthermore, the thermal stability of the bicelle disk structure including 

the aggregates was improved (Figure 3-12). It is thought that Chla molecule lowered the 

membrane fluidity of the DMPC bilayer membrane and worked to stabilize the disk structure. 

This correlated with the trend of Chla on the liposome (section 3.1. in this chapter). 

 

 

Figure 3-12. OD800 values of DMPC/DHPC self-assembly suspensions (XDHPC = 0.40, Clipid = 

20 mM), in the presence or absence of Chla. Symbols indicate the different molar ratio of Chla: 

0 mol% (circle), 0.3 mol% (square), 0.6 mol% (diamond), 0.9 mol% (triangle), and 1.2 mol% 

(inverted triangle). Herein, the turbidity was observed at a wavelength 800 nm because that was 

not affected by the broadening of the spectrum width with aggregation of Chla. 
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3.4. Local environment of Chla molecules in DMPC/DHPC mixtures 

The Soret band absorption spectrum of Chla can be influenced by the dielectric 

environment of the solvent [Agostiano et al., 1993]. This phenomenon can be applied to 

estimate the location (surroundings) of Chla in the self-assemblies. The peaks of the tetrapyrrole 

ring can be attributed to their transition dipoles, as calculated by the vectors from the central 

Mg2+ to the nitrogen atom of the Chla ring [Shibata et al., 2010]. Shifts of the Soret band can 

be induced by surrounding solvent molecules, such as water [Vladkova et al., 2000]. The Soret 

band spectra of Chla in CH3CN/water solutions were deconvoluted to each fraction. The 

intensity of the Soret band fraction at 440 nm (By) was lower than that at 420 nm (Bx) in water- 

 

 

Figure 3-13. Deconvoluted Soret band spectra of Chla in CH3CN (A)/water (W) solutions; 

(dotted) By = 440 nm, (broken) Bx = 420 nm. The concentration of Chla was 0.1 mM. The stock 

solution of Chla was prepared using CH3CN, and then the stock solution was applied to 

CH3CN/water mixtures. Measurements were conducted at 20 ºC. 
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Figure 3-14. Deconvoluted Soret band spectra of Chla molecules in self-assemblies. Samples 

were prepared at Clipid =20 mM, Chla% =0.3 mol%. (a) DMPC/DHPC at XDHPC = 0.40. (b) 

DMPC/DHPC at XDHPC = 0.67.  

 

 

Figure 3-15. Deconvoluted Soret band spectra of Chla molecules in (a) DMPC (XDHPC = 0) or 

in (b) DHPC (XDHPC = 1.0). Samples were prepared at Clipid = 20 mM, Chla% = 0.3 mol%. 

Measurements were conducted at 20 ºC. 
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Figure 3-16. By/Bx values of Chla in (a) CH3CN/water solution, and in (b) DMPC/DHPC self-

assemblies: Clipid = 20 mM, Chla% = 0.3 mol%. 

 

 

Figure 3-17. Effects of dilution on By/Bx values. (1) DMPC/DHPC at XDHPC = 0.40, Clipid = 20 

mM, Chla% = 0.3 mol%, (1’) DMPC/DHPC at XDHPC = 0.40, Clipid =1 mM (20 times dilution), 

Chla% = 0.3 mol%. (2) DMPC/DHPC at XDHPC = 0.67, Clipid = 20 mM, Chla% = 0.3 mol%, (2’) 

DMPC/DHPC at XDHPC = 0.67, Clipid = 1 mM (20 times dilution), Chla% = 0.3 mol%. 
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enriched solutions. The intensity ratio (By/Bx value) decreased with increased water ratio 

(Figure 3-13). To investigate the surroundings of Chla in the membrane, the By/Bx values of 

Chla in self-assemblies were estimated (Figure 3-14). For the By/Bx values of Chla in DMPC 

vesicles and in DHPC micelles were also estimated based on the Soret band spectra (Figure 3-

15). The By/Bx values of Chla could be depended on the fraction of DHPC. In solution, the 

By/Bx values were relevant to dielectric constants (Figure 3-16a). The By/Bx values of DMPC 

vesicles and DMPC/DHPC at XDHPC = 0.40 were relatively higher, suggesting that the 

surrounding of Chla in the DMPC/DHPC at XDHPC = 0.40 was hydrophobic, as well as that in 

DMPC vesicles (Figure 3-16b). On the other hand, the surrounding of Chla in DMPC/DHPC 

at XDHPC = 0.67 was rather hydrophilic, as well as that in DHPC micelles. Membrane polarity 

depends on the phase state [Iwasaki et al., 2017]. A membrane in the gel (solid-ordered) phase 

is less hydrophilic than a membrane in the fluid (liquid-disordered) phase or in micelles. Since 

the experiments were conducted at 20 ºC (< Tm of DMPC), DMPC/DHPC membranes at XDHPC 

= 0.40 could be in a gel phase-like ordered state, wherein Chla molecules are condensed to form 

J-aggregates. In my study, the Chla in 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

liposomes decreased membrane fluidity at temperatures above Tm (section 3.1. in this chapter), 

suggesting that Chla molecules potentially lead the fluid membrane to adopt an ordered state. 

In contrast, the Chla molecules in DMPC/DHPC at XDHPC = 0.67 could be located near the 

DHPC-enriched region (micelle-like environment). After dilution, the By/Bx value of Chla in 

DMPC/DHPC at XDHPC = 0.40 was slightly increased as compared to that before the dilution, 

indicating that Chla molecules maintained on the bilayer region. On the other hand, the By/Bx 

value of Chla in DMPC/DHPC at XDHPC = 0.67 significantly increased after dilution (Figure 3-

17). This suggests that the surroundings of Chla molecules at Clipid 1 mM are more hydrophobic 

than the surroundings of Chla at Clipid 20 mM, because the DHPC can be soluble in the diluted 

condition, and Chla and DMPC can be reorganized due to self-assembly. Thus, the local 

environment of Chla molecules differed depending on the membrane composition. After 

dilution, Chla molecules accumulated in the bilayer (DMPC-enriched) region. In the case of 

XDHPC = 0.40, the Chla J-aggregates could be maintained. 
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3.5. Photo-reduction function of Chla aggregates in DMPC/DHPC assembly 

The photochemical functions of Chla in self-assembly systems is important. MV2+ 

molecules act as electron acceptors in the photo-reduction of photosensitive pigments, and 

EDTA molecules act as a Chla oxidant [Mizushima et al., 2006, Matteo et al., 2007, Kobayashi 

et al., 2007, Watanabe et al., 2011]. The reduction of MV2+ can proceed by a photosensitizer 

that has sufficient absorption at approximately 670 nm [Amao et al., 2002, Sugiyama et al., 

2006]. Tomonou et al. reported that the optimized conditions for the Chla-mediated photo-

reduction of MV2+ were [Chla] = 9.0 μM, [MV2+] = 2.0 mM and [NADPH] = 2.0 mM (electron 

donor), with the reaction carried out in Tris-HCl buffer (50 mM, pH 7.4) in the presence of 10 

mM cetyltrimethylammoniumbromide (CTAB, micelle) [Tomonou et al., 2002]. In these 

conditions, the turnover number (kcat = Vmax/[Chla]), was 0.70 min-1. The type of surfactant 

could be a critical factor in photo-reduction activity. For instance, the nonionic surfactant 

Triton-X 100 drastically decreased the photo-reduction of MV2+ as compared to CTAB 

[Tomonou et al., 2004]. In addition, the alkylchain length of surfactant affected the Chla-

mediated photo-reduction of MV2+ [Sugiyama et al., 2006]. In vesicle systems, we reported a 

kcat value of 0.68 min-1 in DPPC vesicles (3.2. in this chapter).  

Herein, the formation of J-aggregates of Chla was induced in DMPC/DHPC 

assemblies at XDHPC = 0.40, Clipid = 20 mM, Chla% = 1.2 mol%, and the diluted suspension was 

used as the reaction medium for the photo-reduction reaction of MV2+. After adjusting the Chla 

concentration to 2.5 μM, the absorbance band at 750 nm was maintained. Thus, the photo-

reduction activities of aggregated Chla were investigated (Figure 3-18). The accumulation of 

MV+• was saturated in 80 min, due to the reaction equilibrium (MV+• ⇌ MV2+). Comparing the 

photo-reduction activities of Chla (2.5 μM), the non-aggregated Chla in DMPC vesicles 

(sample (i)) or in DMPC/DHPC at XDHPC = 0.40 (sample (ii), initially induced with Clipid = 20 

mM, Chla% = 0.3 mol%) showed higher activities. The differences of the conversions values 

might reveal the saturated concentration of MV2+ for each self-assembly system (in Table 3-2). 

Kondo et al. reported that the zinc (Zn)-porphyrin dimer resulted in a decreased activity [Kondo 

et al. 2015]. In addition, the aggregated Zn-chlorophyll maintained the photo-induced charge 

separation [Li et al., 2015]. As shown in Table 3-2, Zn-porphyrin showed higher kcat values and 

the reaction soon reached to equilibrium state [Kondo et al., 2015]. This might be related to the 
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Figure 3-18. Photo-reduction of MV2+, catalyzed by Chla incorporated in DMPC/DHPC 

assemblies. Sample were prepared at DMPC/DHPC at XDHPC = 0.40, Clipid = 20 mM. (Circle) 

Chla% = 1.2mol%, (Square) Chla% = 0.3 mol%. The samples were diluted to adjust the total 

Chla concentration of 2.5 μM. Experiments were conducted at 20 ºC. 

 

Table 3-2 Summary of photo-reduction activity of Chla and Zn-porphyrin on self-assembly 

membranes. 

 
a Prepared in DMPC vesicle at Clipid =20 mM, Chla% = 1.2 mol%, then diluted to adjust the 

final concentration of [Chla] = 2.5 μM. The kinetic parameters were obtained at 20 ºC.  
b Prepared in DMPC/DHPC at XDHPC = 0.40, Clipid =20 mM, Chla% = 0.3 mol% (non-

aggregated), then diluted to adjust the final concentration of [Chla] = 2.5 μM. The kinetic 

parameters were obtained at 20 ºC. 
c Prepared in DMPC/DHPC at XDHPC = 0.40, Clipid =20 mM, Chla% = 1.2 mol% (aggregated), 

then diluted to adjust the final concentration of [Chla] = 2.5 μM. The kinetic parameters were 

obtained at 20 ºC. 
d See Tomonou et al. for details [Tomonou et al., 2002] 
e See Kondo et al. for details [Kondo et al., 2015] 

Sample Chla [μM]
Vmax

[μM/min]

kr *103

[min-1]

Conversion

[%]

kcat

[min-1]

(i)a 2.5 0.42 0.01 0.87 0.02 7.63 1.14 0.17 0.00

(ii)b 2.5 0.49 0.14 1.00 0.29 6.35 0.33 0.19 0.06

(iii)c 2.5 0.23 0.10 0.48 0.21 4.98 0.42 0.09 0.04

Chla in 10 mM CTAB micelled 9.0 6.25 2.1 10-3 ~9.5 0.70

Zn-porphyrin monomere 10 21 4.37 9 2.1

Zn-porphyrin dimere 10 10 2.73 6.5 1.0
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stability of the photosensitizer. A trend was evident, in which a higher photo-reduction activity 

could be contributed by the photosensitizer that was stable during prolonged irradiation [Amao 

et al., 2002, Tomonou et al., 2002, Sugiyama et al., 2006]. For the use of Chla as photosensitizer, 

the surfactants are necessary to disperse Chla in an aqueous medium. Although this point seems 

to be a disadvantage in forming J-aggregates, the decreased reaction rate could be evidence that 

Chla molecules retain the photo-induced electron longer. Furthermore, J-aggregate formation 

enables red photon absorption. Overall, a sustainable photo-reduction activity can be expected 

by utilizing Chla with self-assembly systems. 
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4. Summary 

I clarified the liposomal membrane properties based on the analyses of the membrane 

fluidity, the Chla absorption bands, and the Chla polarization. Moreover, the influence of the 

membrane properties on the photoreduction with methyl viologen was examined. Consequently, 

it was revealed that the kinetic constant value of the reduced species formation decreased with 

the increase in temperature over the phase transition temperature of the membrane, which 

means that the membrane properties largely influence the photochemical reaction. Based on 

these results, it is concluded that the behaviors and the orientations of Chla molecules on the 

liposomal membrane are significantly important in the photochemical energy conversion 

system. Thus, this methodology and findings can be helpful for superior photochemical energy 

conversion by Chla containing liposomes.   

J-aggregates of Chla molecules were induced in DMPC/DHPC phospholipid 

assemblies at XDHPC = 0.40 and Clipid =20 mM, and the J-aggregates were maintained after 

dilution to Clipid = 1 mM. The environment surround Chla molecules could be polar in the 

DMPC/DHPC membranes, where the polarity at XDHPC = 0.40 was lower than XDHPC = 0.67, 

which could promote the formation of Chla aggregates. The photo-reduction of MV2+ was 

regulated by the aggregation states of Chla molecules.  

This is the first study to report that Chla J-aggregates form in phospholipid assemblies 

at a lower Chla-to-lipid ratio. The photo-reduction activity of aggregated Chla is less than that 

of non-aggregated Chla. Curiously, the bicelle-type assemblies more advantageously induce the 

formation of J-aggregates of Chla, suggesting that the coexistence of micelle and bilayer 

regions could be a key to control the aggregation behaviors of Chla molecules. By employing 

DMPC/DHPC self-assembly as a platform for Chla aggregation, lateral interaction of Chla 

within the membranes and vertical interaction of Chla between membrane interfaces can occur. 

In the presence of appropriate additives, bicelles can be stacked to form a cylindrical structure 

[Yang et al., 2013]. Further investigation of the structural properties of Chla-incorporated 

bicelles and their aggregated structures using a microscopy will be instructive. The current data 

provide insights concerning the use of J-aggregates of Chla as a photosensitizer, which can lead 

to the development of powerful photosynthesis systems. 
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Chapter 4 

Preparation of Vesicle Materials; 

Simple Method Using Continuous Flow Devices 

 

1. Introduction 

A phospholipid is one of the important molecules that are available for the preparation 

of a closed spherical vesicles (liposomes) with bilayer membrane structure in aqueous solution. 

The prepared vesicles can be utilized as functional biomaterials to encapsulate proteins, drugs, 

or other molecules because they have an inner aqueous phase similarly in the case of cell 

structure in nature [Mukhopadhyay et al., 1994, Zimmermann et al., 2006, Peer et al., 2007]. 

Recent research shows the emergent properties of the membrane itself, such as the recognition 

of small molecules [Ishigami et al., 2015] and asymmetric reaction [Kumar et al., 2013, Iwasaki 

et al., 2015]. The phase states of the bilayer membrane (i.e., ordered gel phase and disordered 

liquid-crystalline phase) can be regulated via the change of the interaction between lipids, 

depending on the temperature and lipid composition [van Dam et al., 2004]. It is expected that 

the surface of the liposome membrane could be designable, through the control of the extensive 

and intensive parameters and its “design” could also be effective for the functionalization of the 

liposome surface.  

Various methods to prepare the lipid membrane have been developed for many 

purposes (Table 4-1). The thin film hydration is one of the conventional methods of vesicle 

preparation [Johnson et al., 1971]. In this method, the thin film of lipids is formed on a round-

bottom flask, and the vesicle suspension is obtained by hydration with an aqueous solution, 

where lipid molecules can be used to form bilayer in high yield. In most cases, the vesicles were 

obtained in a multilamellar form, and the size distribution of the vesicles is wide and is not 

mono-dispersed. In order to obtain mono-dispersed vesicles, an extrusion with polycarbonate 

filter is employed as an additional technique to adjust the size [Suga et al., 2013]. Small lamellar 

vesicles (SLVs) of uniform size can be obtained by treating the vesicle suspension by the fine 

pore filter. SLVs with about 100 nm in its diameter is often used research of a drug carrier. 

Alternatively, for observation of a biological membrane model, a giant vesicle preparation is 
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necessary [Szoka et al., 1978]. However, it is difficult to efficiently form large unilamellar 

vesicle (LUV) and giant unilamellar vesicle (GUV) by thin film hydration method. The ethanol 

injection [Kremer et al., 1977, Pons et al., 1993] and the reverse phase evaporation [Szoka et 

al., 1978] can therefore be used for the preparation of the giant vesicles that have large internal 

aqueous phase. Another approach for GUV preparation is the w/o/w emulsion method, which 

the aqueous solution core was dispersed in oil (water in oil emulsion) and the w/o emulsions 

were transformed to aqueous solution to obtain w/o/w emulsion. The volume of the aqueous 

solution core affects the final trapping efficiency of assembly, as water-in-oil-in-water emulsion, 

in an aqueous solution. These batch-wise preparation methods have evolved to meet the 

expectations of many purposes. However, a continuous preparation has been requiring for 

industrial use.  

In the continuous preparation method using the flow system, bilayer membrane 

assemblies can be continuously obtained by injecting lipid molecules dispersed in a polar 

solvent (i.e. isopropanol) into an aqueous phase in a simple flow path [Cho et al., 2015] (Table 

4-1). Cho et al. achieved the continuous preparation of w/o/w emulsion by mixing 

phospholipids dispersing isopropanol and water with the flow. They optimized the size of the 

obtained emulsions (diameter: 100-250 nm) by setting a pore filter (pore size: 5 μm) in the flow 

path and manipulating the flow velocity. Continuous preparations of GUVs have also been 

studied, expensively. For example, Sugiura et al. developed the ice droplet technique [Sugiura 

et al., 2008], where the ice droplet as vesicle core is mixed with the lipid dispersed solvent in 

flow path and leads to form an assembly with high volume inner water-phase. These preparation 

techniques can be effective for the improvement of batch-wise methods such as ethanol 

injection and reverse phase evaporation. Amphiphilic molecules at the interface between 

hydrophilic and hydrophobic solutions disperse in a continuous system.  

Recently, some researchers reported the high-performance preparation method by 

microfluidic device, which has demonstrated potential for achieving higher control over the 

physical properties of the final product, particularly in terms of liposome size, shape and size 

distribution [Funakoshi et al., 2007, van Swaay et al., 2013]. Although the final products are 

the uniform vesicle membranes, there are only a few examples of constructing a heterogeneous 

vesicle membrane to mimic the biomembrane [Li et al., 2015]. In biological cells, a lipid raft 

on micro domain on the membrane, formed by both micro phase separation of lipid platform  
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Table 4-1. List of vesicle preparation methods 

 

 

 

and binding of specific lipids to inserted membrane protein, is utilized to maintain the functions 

of cells as signal transduction of membrane proteins and so on [Opella et al., 2004, Li et al., 

2014, Wade et al., 2017]. Even though, microfluidic technique can generate monodisperse 

unilamellar phospholipid vesicle structures, there are still disadvantage such as remnant of 

organic solvents in a hydrophobic region of bilayer of production of vesicles, which is related 

to the properties (e.g. shape, phase state, and releasing rate) of the microencapsulated particles. 

Moreover, the conventional methods are suffered from preparation of heterogeneous membrane 

surface instead of homogeneous one. Therefore, I suggest the new type of the vesicle fabrication 

method that enables to design the “heterogeneous” membrane surface without any other process, 

which is necessary for the functionalization of the liposome surface.  

I have been previously reported that discoidal self-assembled bilayer micelles, termed 

as “bicelles”, comprise a mixture of long-chained phospholipids (e.g., 1,2-dimyristoyl-sn-

glycero-3-phosphocholine, DMPC) and short-chained phospholipids (e.g., 1,2-dihexanoyl-sn-

glycero-3-phosphocholine, DHPC) at high concentration in aqueous solution, wherein DHPC 

detergents cover the rim of DMPC bilayer (chapter 2). The bicelle suspension can support 

membrane-oriented hydrophobic molecules, such as peptides and apoproteins, and the 

geometrical structures of these proteins can be kept in dispersed aqueous solution [Beaugrand 

et al. 2014]. Small bilayers by DMPC molecules are stably dispersed in water due to the 

detergent effect of DHPC molecules [Takajo et al., 2010]. However, the disk structure is 

collapsed by hydration of DHPC molecules (critical micelle concentration, CMC: 16 mM) 

during dilution, in which the bicelles are transformed to the vesicles [Beaugrand et al., 2014].  

Organic 

solvent
System Assembly

Residual 

solvent
Ref.

Thin film hydration Use
Batch

(non-continuous)
MLVs No LeBerre et al. 2008

Ethanol injection Use
Semi-batch 

(stepwise)
GUVs Yes Pons et al. 1993

Reverse phase 

evaporation
Use

Semi-batch 

(stepwise)
LUVs Yes Szoka et al. 1978

Flow / Microflow Use Continuous SUVs~GUVs Yes Li et al. 2015

CO2/water interface Non-use
Semi-batch

(stepwise)
MLVs No Nakamura et al. 2015
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Figure 4-1. (a) Experimental conditions on the phase state diagram. Path 1: V1 = bicelle solution, 

V2 = DHPC solution (8 mM), Path 2: V1 = bicelle solution, V2’ = PBS solution (50 mM, pH7.0). 

The boundaries of self-assembled morphology on the phase state diagram were determined by 

using DLS and fluorescent probe method. (b) The morphologies of the assemblies on each 

region of the diagram was showed. (c) Illustration of DMPC/DHPC dilution and DMPC bilayer 

dispersion in flow path. Blue lipid is DMPC, Orange lipid is DHPC. The size of the bicelles 

varies depending on the operation within the bicelle region on phase state diagram. When the 

lipid composition reaches the vesicle region, the assembly form collapses, and a vesicle is 

obtained. 
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A new method to prepare the vesicles (liposomes) is expected to be achieved by utilizing the 

phase transition phenomena from bicelle to vesicle, simply, upon the dilution process.  

The possibility to utilize the discoidal lipid membrane as a core material for 

membranous materials was discussed in this chapter. In order to find the control factors for the 

continuous preparation of vesicles using bicelles and to construct a sophisticated protocol of 

the preparation of membranous functional materials. A simple method to prepare the vesicle 

with heterogeneous membrane surface was newly investigated to apply the continuous flow by 

microfluidic device and employ the bicelle as a meso-scale to form the self-assembled vesicle. 

As illustrated in Figure 4-1, two dilution conditions with different lipid composition were 

selected on a “bicelle” scheme. In Path 1, the solution of the long-chained DMPC was diluted 

by DHPC solution, and in Path 2, the bicelle suspension was diluted by phosphate buffer. These 

conditions were set to study the mechanism of the structural and morphological change, such 

as disk-like assemblies to micelles or vesicles. The size distribution of the self-assemblies after 

dilution was studied by dynamic light scattering (DLS) analysis in order to determine the 

operational condition. The membrane properties of the obtained liposomes were characterized 

by using fluorescence probes.   
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2. Materials and Methods 

2.1. Materials 

1,2-Dihexanoyl-sn-glycero-3-phosphocholine (DHPC) and 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC) were purchased from Avanti Polar Lipids, Inc. (Alabaster, 

AL, USA). 1,6-Diphenyl-1,3,5-hexatriene (DPH) and 6-dodecanoyl-N,N-dimethyl-2-

naphthylamine (Laurdan) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium 

dihydrogenphosphate (anhydrous) and disodium hydrogenphosphate were purchased from 

Wako Pure Chemical (Osaka Japan), and were used to prepare phosphate buffer (50 mM, pH 

7.0). Ultrapure water was prepared with the Millipore Milli-Q system (EMD Millipore 

Co./Direct-Q® UV3). Other chemicals were used without further purification. The 

concentrations of the lipids were measured with an assay kit (Phospholipid C-Test; Wako Pure 

Chemical). 

 

2.2. Bicelle preparation by thin-film hydration method 

A chloroform solution of phospholipids was dried in a round-bottom flask by rotary 

evaporation under vacuum. The resulting lipid films were dissolved in chloroform once more, 

and the solvent was evaporated. This operation was repeated at least twice. The obtained lipid 

thin film was kept under high vacuum for at least 3 h, and then hydrated with phosphate buffer 

(PBS, 50 mM, pH 7.0) at room temperature. The phospholipid mixtures (20 mM) were prepared 

over the critical micelle concentration of DHPC (15 mM). The fraction of DHPC was as 

followings: XDHPC = [DHPC]/([DMPC]+[DHPC]) = 8 mM/(12+8 mM) = 0.40. Since the phase 

transition temperature (Tm) of DMPC bilayer is 23 ºC, the obtained DMPC/DHPC bicelle 

suspension was frozen at -80 ºC and then thawed at 40 ºC (over the Tm of DMPC); this freeze-

thaw cycle was repeated five times [Taguchi et al., 2017]. 

 

2.3. Liposome preparation by non-solvent CO2 method 

The liposome was prepared by using the stainless batch reactor, TSC-CO2-08 (inside 

volume of 80 mL, Taiatsu Techno Co., Tokyo, Japan). The liposome was used to compare the 

membrane properties from each preparation method. A phospholipid powder (4.5 mg), distilled 

water (3 mL), and CO2 (liquid, l) were incubated in the reactor with stirring at various 

temperatures (25, 50 ºC) and pressures (5, 10 MPa). After 20 min incubation for equilibration, 
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the sample solutions were decompressed by releasing CO2. The lipid concentration was 

measured by using phospholipid C-test Wako® (Wako Pure Chemical Industries, Ltd.) 

[Takayama et al., 1977]. 

 

2.4. Dilution of DMPC/DHPC Mixtures in Continuous Flow 

The T-type flow injection chip (φ =1 mm) was employed to dilute DMPC/DHPC 

suspensions at several flow rates (Figure 4-2). The suspensions (V1) had entered the flow of 8 

mM DHPC in PBS solution (V2) or PBS (V2’) by a syringe pump at 50-400 μL/min, which 

laminar flow with a low Reynolds number (Re << 2300). Then, the flow rate of the sample was 

constant (100 μL/min). At a low Re number in small flow path, the effect of Re can be neglected 

in the flow, whereas the injected droplets were depended on the value of capillary number (Ca), 

that is relating to the viscous forces onto the surface tension. [Ba et al. 2015]. Phospholipid 

suspension in aqueous solution has small viscous force compared with surface tension [Cogan 

et al. 1973, Sugiura et al., 2000, Uline et al., 2012]. In addition, the droplet formation 

mechanism of the injected suspension is similar at low Ca (Ca << 1) for both symmetric and 

asymmetric T-junctions [Ba et al., 2015]. Thus, the flow rate was set in the range on same 

injection flow. After the dilution at several rates (V1/V2 or V2’) of injections, the samples were 

estimated membrane properties by each fluorescence probes. The total length of the flow path 

is about 30 cm from bicelle injection syringe to outlet. 

 

2.5. Dynamic Light Scattering (DLS) 

The apparent sizes of bicelles (total lipid concentration: 20 mM) were determined by 

dynamic light scattering (DLS). Measurements were performed with Particle Size Analyzer 

(LB-500, HORIBA). The average diameters were calculated based on a number-average 

diameter. 

 

2.6. Evaluation of the membrane fluidity inner membrane 

The fluidity of the vesicle membrane was evaluated based on the previous reports 

[Mary et al. 1976]. A fluorescent probe DPH was added to bicelle and vesicle suspension with 

a molar ratio of lipid/DPH = 250/1. The fluorescence polarization of DPH (Ex. = 360 nm, Em. 

= 430 nm) was measured using a fluorescence spectrophotometer (FP-8500; JASCO, Tokyo, 
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Japan) after incubation for 30 min. The sample was excited with vertically polarized light (360 

nm), and emission intensities both perpendicular (I⊥) and parallel (I‖) to the excited light were 

recorded at 430 nm. The polarization (PDPH) of DPH was then calculated by using the following 

equations: 

 

𝑃DPH = (𝐼∥ − 𝐺𝐼⊥) (𝐼∥ + 𝐺𝐼⊥)⁄  

𝐺 = 𝑖⊥ 𝑖∥⁄  

 

where i⊥ and i‖ are emission intensity perpendicular and parallel to the horizontally polarized 

light, respectively, and G is the correction factor. The membrane fluidity was evaluated based 

on the reciprocal of polarization, 1/PDPH. 

 

 

 

Figure 4-2. Schematic illustration of apparatus for vesicle preparation by diluting bicelles 

(XDHPC = 0.40) in (a) flow system and (b) batch system as control. In flow system, bicelle 

solution (A, V1) was mixed with various dilution solution (B such as DHPC in PBS (V2) or PBS 

(V2’)) in T-type flow injection chip (width 1 mm, depth 0.4 mm) at 20 ºC; V1: DMPC (12 

mM)/DHPC (8 mM) bicelle in PBS solution (50 mM, pH7.0), V2: DHPC solution 8mM in PBS 

solution, V2’: PBS solution. In the batch system, the bicelle was directly diluted in bottles by 

dilution solution. 
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2.7. Evaluation of Membrane Polarity 

Fluorescent probe Laurdan is sensitive to the polarity around itself, which allows the 

local polarity in lipid membranes to be determined [Parasassi et al., 1995, Nakamura et al., 

2015]. Laurdan emission spectra exhibit a red shift caused by dielectric relaxation. Thus, 

emission spectra were calculated by measuring the general polarization (GP340) for each 

emission wavelength as follows: 

 

𝐺𝑃340 = (𝐼440 − 𝐼490) (𝐼440 + 𝐼490)⁄  

 

where I440 and I490 are the emission intensities of Laurdan excited at 340 nm. The obtained 

emission spectrum was furthermore analyzed by using Peakfit software (v.4.12, Systat Software 

Inc., San Jose, CA, USA) [Iwasaki et al., 2017]. After deconvolution, the area fraction of each 

component was compared. 
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3. Results and Discussion  

3.1. Comparison in preparation methods from membrane phase state 

Three kinds of methods, such as (i) conventional thin film hydration, (ii) high pressure 

CO2/water interface, and (iii) bicelle dilution, were compared to on the membrane properties of 

liposomes (Figure 4-3). The membrane properties were analyzed, and their features were 

summarized in Figure 4-4 and Table 4-2. 

The thin film hydration is one of the methods of the batch-wise vesicle preparation 

[LeBerre et al. 2008]. In this method, the thin film of lipids is formed on a round-bottom flask, 

and the liposome suspension can be obtained by hydration with some aqueous solution. The 

membrane properties of the vesicle prepared at different pressures and temperatures were 

mainly characterized in relation to the membrane fluidity (1/PDPH) and membrane polarity 

(GP340), by using the fluorescent probes DPH and Laurdan, respectively. In Figure 4-4, the 

position plotted in the Cartesian diagram indicates the phase state of each membrane: the first 

and fourth quadrants for disordered phase, and the second quadrant for ordered (gel) phase 

(refer to chapter 2). The DMPC liposome from thin film hydration was ordered phase at 16 ºC 

(< Tm, DMPC).  

The CO2 (l)/water (l) two-phase (heterogeneous) system, such as semi-batch system, 

resulted in the formation of DMPC and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

liposomes with high yield (ca. 85-88% in Figure 4-5) [Nakamura et al., 2015]. High-pressure 

CO2 liquid (l) could assist the dispersion of lipid molecules in the water phase. Because of the 

lower dielectric constant of high-pressure CO2 (l), lipid molecules could be soluble in the CO2 

phases, and then the membrane could be formed at the interface of the CO2 (l)/water (l). Then, 

the membrane properties of the DMPC liposome from high-pressure CO2/water system showed 

a state of an ordered phase (Figure 4-4). In addition, the CO2 gas was also dispersed from the 

suspension to the atmosphere. The liposome suspension obtained finally was found to be 

homogeneous.  

It is suggested that high-pressure CO2 can be used to form an appropriate hydrophobic-

hydrophilic interface where phospholipid molecules as a self-assembled membrane. Although 

this method does not use organic solvents, it is difficult to control the behavior of the interface 

between CO2 and water phases, and, furthermore, it is impossible to manipulate the 

heterogeneity and asymmetry of bilayer membranes. 
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Figure 4-3. Outline of each vesicle preparation method. 
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On the other hand, a discoidal DMPC/DHPC bicelle changes to a spherical DMPC-

rich vesicle by dilution (refer to chapter 2). The phenomenon is observed simply by the 

hydration of DHPC molecules with dilution. Then, an edge of a bicelle is destabilized and 

nearby DMPC bilayers fuse together. The membrane properties of the assembly were analyzed 

as noted above (Figure 4-4). The results showed that the assembly had similar membrane 

properties with conventional methods. In addition, it clarified that the membrane properties 

were stepwise shifted, depending on the dilution rate (section 3.2 in chapter 2). Therefore, 

bicelle can be utilized to vesicle preparation without organic solvents. Based on the knowledge 

of the morphological change of the assemblies to the lipid concentrations from “chapter 2”, the 

bicelle dilution can be continuously prepared vesicles by flow system. 

 

 

 

Figure 4-4. Comparison of the membrane properties of each DMPC vesicle (< Tm,DMPC); 

(circle) thin film hydration, (square) high-pressure CO2/water interface, (diamond) bicelle 

dilution. 2nd quadrant means an ordered phase of a membrane in this diagram. The value of 

DHPC is plotted as reference of disordered micelle. 
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Table 4-2. List of features of each membrane preparation method. 

 

 

 

 

Figure 4-5. (a) Pressure-Temperature phase diagram of CO2/H2O system. According to the 

literature [Dimond et al., 2003], the state of CO2 was represented as follows: (g), gas; (l), liquid; 

and (scf), supercritical fluid. Arrows indicate the vesicle preparation procedure in the 

CO2/water/phospholipid system: solid and dashed arrows represent the compression and 

decompression steps, respectively. The total preparation time was in 20 minutes. The pressure 

and temperature for systems I, II, III, and IV are as follows: (I) 25 ºC and 5 MPa; (II) 50 ºC and 

5 MPa; (III) 25 ºC and 5 MPa; and (IV) 50 ºC and 10 MPa. (b) Relationship between preparation 

condition of DPPC vesicle and yield. (I), (II), (III), and (IV) indicate the experimental 

conditions showed in (a), where the yield was calculated as follows: yield [%] = 

Cvesicle/Cideal×100. Dashed line indicates the yield of the DPPC liposome prepared by the 

conventional method (92.8±3.0 %). 

Lipid System Assembly Phase state (< Tm)

Thin film hydration DMPC
Batch

(non-continuous)
MLVs Ordered

CO2/water interface DMPC
Semi-batch

(stepwise)
MLVs Ordered

Bicelle injection DMPC Continuous MLVs Ordered
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3.2. Bicelle dilution method based on morphological change of DMPC/DHPC system 

A possibility of vesicle preparation via dilution of bicelle solution was first 

investigated. As shown in Figure 4-2, its dilution was performed both in continuous dilution 

using flow chip system (Figure 4-2a) and in batch dilution system (Figure 4-2b).  

Figure 4-1 indicated the diagram to show the phase state of the lipid self-assembly 

(micelle: ld, bicelle: lo-bilayer with ld-edge, vesicle: lo-bilayer) as functions of both DMPC and 

DHPC concentration. Based on this phase diagram, it can be distinguished that the difference 

of the structure states of lipid solution under various condition. To study the phase transition 

phenomena of bicelles to micelles (Path 1) and vesicles (Path 2), the dilution was achieved by 

two dilution pathways and the boundaries of conditions for self-assembled morphology were 

investigated on the DMPC/DHPC diagram, which was determined by using DLS and 

fluorescent probe method. The operational conditions upon the dilution process using the flow 

chip system were summarized in Table 4-3. For the generation of vesicles or micelles by 

dilution methods, the initial solution was prepared with 12 mM DMPC and 8 mM DHPC (XDHPC 

= 0.40) solution, in which bicelle can be formed at initial condition. In case of Path 1, the initial 

solution of the bicelle was mixed with the pure DHPC solution (8 mM) by using the flow chip. 

Figure 4-1 indicates that the final solution, after only the DMPC concentration can be diluted 

(15 mM to 2.4 mM) at the same DHPC concentration (8 mM), can be approached at the region 

to show the discoidal micelles (from (0) to (1)). In Path 2, the initial bicelle solution was diluted 

by PBS buffer solution without amphiphilic molecules at various ratios of V1/V2’ (from (0) to 

(2)-(5)). In this operation, a phase transition from bicelle to vesicle can be carried out based on 

the diagram (Figure 4-1).  

 

Table 4-3 Summary of experimental conditions. 

 

V1: DMPC (12 mM)/DHPC (8 mM) bicelle in PBS solution (50 mM, pH7.0) 

V2: DHPC solution 8mM in PBS solution (1), V2’: PBS solution (2-5) 

 

V1 [μL/min]
V2 or V2’ 

[μL/min]
V1/V2 or V2’

Final DMPC conc. 

[mM]

[DMPC]/[DHPC] 

(q-value)
Re [-]

(1) 100 400 0.25 2.4 0.3 10.6

(2) 100 50 2 8 1.5 3.2

(3) 100 67 1.5 7.2 1.5 3.5

(4) 100 100 1 6 1.5 4.2

(5) 100 200 0.5 4 1.5 6.4
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Figure 4-6. Representative size distribution of the suspension obtained by each flow path (Path 

1 and 2) at 20 ºC. The conditions were aligned with those numbers (0, 1, 2, 4) of Table 4-3. The 

black bars are data of size distribution using DLS measurement for representative conditions 

and the red curves show cumulative distributions. 

 

 

3.3. Morphological change of DMPC/DHPC self-assemblies relative to dilution path 

The morphological change of the self-assembly in an aqueous solution was first 

studied by monitoring the optical density of the solution after the dilution. In order to obtain the 

physical character of the self-assembly more in details, the size distribution of the self-

assemblies in the final solution after the dilution was measured by using the DLS analysis 

(Figure 4-6). That shows the size distribution of the original bicelle solution ((0) in Figure 4-

6), showing that the average size of the bicelle is 10-20 nm. The size distribution of the self-

assembly in solution (1) after dilution was shown in Figure 4-6, indicating that the average size 

was reduced and was equal to that of discoidal micelle (5-9 nm). It has been reported that the 

size of the DMPC/DHPC bicelle depends on the XDHPC through the batch dilution experiment, 

where the size decreases with the increase of DHPC concentration (the increase of XDHPC) 

because of its fluidization effect. The obtained results were corresponding with the previous 

findings. The size distribution in the solution (2) and (4) in Path 2 was also shown in Figure 4-

6, respectively. It was found that the average size was the greater than that of original bicelle 

and the size in the obtained solution increased with the increase of the dilution rate. It is known 

that the DHPC molecules can be accumulated at the edge of the bicelle structure and play an 

important role of the stabilization of the hydrophobic edge of the bilayer structure. By the 
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reduction of the total lipid concentration (i.e., via dilution), the DHPC molecules tend to be 

more hydrated in contrast to DMPC, resulting that the bicelle-edge was broken, and the vesicle 

was formed through the fusion of the bicelles. The results obtained in this study correspond 

with the previous finding examined in batch dilution experiments [Nakamura et al. 2015]. It 

was found that the size of obtained assembly in the dilution solution could be controlled by 

changing the fluidization rating in the flow chip. 

 

3.4. Characterization of membrane properties according to continuous flow path 

The membrane properties of the vesicles prepared by using the flow chip were 

furthermore studied by using the fluorescence probes. Then, the effect of type of (i) dilution 

path (Path 1 and 2) and (ii) ratio (Path 2) on the membrane properties were investigated in the 

continuous dilution method using a flow chip (Figure 4-2a), together with batch dilution 

method as a control. In all the experiments, relating to the DMPC/DHPC self-assemblies upon 

the dilution, both the membrane fluidity (1/PDPH) and membrane polarity (GP340) were analyzed 

by using DPH and Laurdan, as a molecular probe, respectively. Herein, the evaluation of inner 

membrane fluidity by probe DPH depends on rotation of probe molecules in the system [Mary 

et al., 1976] and Laurdan has the property that is easily inserted into the bilayer region due to 

the hydrophobic chain near the membrane surface [Parasassi et al., 1995]. Furthermore, a 

Cartesian diagram as functions of both 1/PDPH and GP340 values was plotted to estimate the 

state of the membrane of the self-assemblies according to the previous report [Nakamura et al., 

2015].  

First, the effect of (i) dilution path on the membrane properties was studied as shown 

in Figure 4-7. In batch dilution system on Path 1 as control method, the initial DMPC/DHPC 

bicelle (XDHPC = 0.40, 20 mM) had ordered gel phase, judging from the low membrane fluidity 

(1/PDPH, Bicelle < 6, Figure 4-7a) and the high membrane polarity (GP340, Bicelle > -0.2, Figure 4-

7b) at the DMPC bilayer membrane of the bicelle which was obtained previous results 

[Nakamura et al., 2015]. On the other hand, the fluidity and polarity of membrane by flow chip 

system were furthermore investigated, indicating the ordered phase of the obtained liposomes. 

Generally, cartesian diagram analysis, where the ordered phase of the membrane appeared in 

the second quadrant. Figure 4-7c shows the obtained from micelle structure was plotted in first 

or fourth quadrants due to the higher membrane fluidity and the lower membrane polarity. After 
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the dilution of bicelle by DHPC solution on batch system, the self-assembled structure was 

plotted at the second quadrant as well as ordered phase. Thus, the molecular self-assembly 

according to dilution is considered to be a bicelle with bilayer structure. While the membrane 

properties of flow system were kept to be at the same regardless of whether before and after 

dilution of initial state based on the plot data. The assembled molecules have as like as a bilayer 

membrane structure, like bicelle because the size is close to micelle’s one. In relation to 

vertically downward operation on the phase diagram on the region of bicelle (Path 1, Figure 4-

1), bicelle did not collapse completely, and it became a smaller bicelle and dispersed in the 

solution. 

 

 

 

Figure 4-7. Comparison of membrane properties at Path 1 and at batch type dilution. For 

reference, the values of DHPC micelle and DMPC vesicle are listed in (a) and (b). (c) Cartesian 

diagram of each assemblies; (circle) batch system, (square) flow system, (diamond) DMPC 

vesicle, (triangle) DHPC micelle, at 20 ºC. Based on Cartesian diagram analysis, the vesicles 

exist in the first to fourth quadrants are in disordered phases, while those exist in the second 

quadrant are in ordered phases. As references, values of ordered DMPC vesicle (1/PDPH = 

3.0±0.0, GP340 = 0.43±0.0) and disordered DHPC micelle (1/PDPH = 9.6±0.8, GP340 = -0.2±0.0) 

at 20 ºC were plotted the diagram. 
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Figure 4-8. Each bicelles (XDHPC = 0.40, 20 mM) were diluted by injection of PBS solution 

which those membrane properties were analyzed at 20 ºC; (a) inner membrane fluidity, (b) 

membrane polarity; (circle) batch system, (square) flow system in Path 2. 

 

 

Figure 4-9. Protocol of planar membrane preparation as vesicles by using bicelles. 

Vesicles

(Fig. 4-6, 4-8)

Small bilayers/mixed micelles

(Fig. 4-6, 4-7)

Preparation of vesicles by using bicelles

Preparation of bicelles
(0.33 ≤ XDHPC ≤ 0.67, 20 mM)

DHPC conc. 

in dilution solvent

Keep (DHPC solution)

No (pure water or buffer)

Select dilution rate

Cross threshold point

Yes

Bicelles

(Fig. 4-6, 4-8)

Dilution

No
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Secondly, the effect of (ii) dilution ratio on the membrane properties (Path 2) was 

investigated based on flow chip or batch dilution system as shown in Figure 4-8. In Path 2, the 

bicelles which is positioned at initial condition (0) in Figure 4-1 were diluted by using the PBS 

solution, where the total lipid concentrations decreased proportionally along with a line of Path 

2. Figure 4-8a and 4-8b show the values of 1/PDPH and GP340 were plotted against the dilution 

ratio. In case of batch system, there was no significant change in the values [Suga et al,. 2013, 

Nakamura et al. 2015]. As shown in Figure 4-8c, the obtained data were plotted in the second 

quadrant, showing the characteristic of ordered phase properties. However, in the flow system, 

the 1/PDPH value was slightly increased (Figure 4-8a), it should be indicated that DHPC 

molecules remains the inner bilayer membrane. While no significant change was observed in 

the GP340 value (Figure 4-8b), it is suggested that the Laurdan molecules were localized at in 

DMPC bilayer region, wherein the membrane polarity did not depend on the morphological 

change upon the dilution operation. In the Cartesian coordinate plot (Figure 4-8c), since the 

micro-scale assemblies showed the ordered phase, it is considered that the obtained assembly 

could be regarded as DMPC-rich vesicle. The vesicle was assembled containing slightly 

heterogeneous (disordered) phases upon the dilution in the continuous flow path. Generally, the 

diffusivity of particles in a narrow flow path is the lower than in the vessel batch system. It is 

thought that the difference in diffusivity upon the dilution process affects on the membrane 

properties of the self-assembled structures formed. Therefore, it is expected that the self-

assembly molecules can be controlled by operating the membrane component at the outlet of 

the flow channel (Figure 4-9). 
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4. Summary  

A discoidal DMPC/DHPC bicelle was shown to be changed to a spherical DMPC-rich 

vesicle by dilution. The membrane properties, such as membrane fluidity and membrane 

polarity based on the analyses using fluorescence probes, were similar with those of liposomes 

based on the analysis using conventional membrane preparation methods (thin film hydration 

and high-pressure CO2/water). The morphological change was found to be induced by hydrating 

and removing DHPC molecules on a DMPC bilayer with dilution. Whereas high-pressure 

CO2/water system has advantage of non-used organic solvents, the hard condition such as 

pressure is difficult to control the property of CO2/water interface preciously and to prepare the 

variation of phase separation on membrane surface as biomembranes. 

Vesicle preparation was achieved by the continuous dilution of the DMPC/DHPC 

bicelle by a flow chip. The vesicle was found to be formed through the fusion of the bicelles in 

simple flow path device. The membrane properties of the obtained vesicle showed an ordered 

phase state close to DMPC bilayer membrane, while the obtained vesicle contained possess a 

weak character of heterogeneous phases. The benefits of the flow path dilution are to 

continuously change the lipid composition by simply change the flow rate in the flow path. It 

is expected that the technique could have the potentials to continuous-type preparation method 

to enable a heterogeneous membrane like a living cell membrane by designing a flow path. 
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Chapter 5 

Preparation of Heterogeneous Supported Lipid Bilayers (SLBs) 

 

1. Introduction  

Supported lipid bilayers (SLBs) are artificial planar membranes made of amphipathic 

lipids on a solid substrate such as glass or metal [Green et al., 2004, Boudard et al., 2006]. SLB 

is often utilized for the platform of the sensing of biochemicals and/or biomacromolecules and 

that of the biomimetic technologies [Juhaniewicz et al., 2015]. For example, a membrane film 

in which a bilayer membrane is immobilized on a glass or an electrode substrate has been 

studied as a material for observing the permeability of ions and molecules in a biological 

membrane [Watts, 1995, Juhaniewicz et al., 2015]. Among the possible preparation methods, 

vesicular fusion method is well known as the SLB formation method [Abraham et al., 2018]. 

The vesicles added to the hydrophilized glass substrate adsorbs to the substrate through the 

electrostatic interaction (“vesicle adsorption”), and the vesicles collapse to obtain a planar film 

(“vesicle rupture”). For the adsorption of vesicles, a hydrophilic glass substrate containing 

silicon dioxide and mica are often used [Biswas et al., 2018]. The interaction between vesicle 

and substrate depends on parameters, such as ionic strength, pH of the solution and divalent 

cation [Boudard et al., 2006, Biswas et al., 2018, Dacic et al., 2016].  

The SLB formation is known to depend on the membrane properties of the fed vesicles, 

where the lipid membranes with high fluidity can easily form SLB because it is prone to vesicle 

rupture. The ordered lipid membrane hardly causes the rupture, thus, the quality of SLB is 

lower for example involving cracks and unnecessary multi stacks of assemblies. Tabaei et al. 

reported the solvent-assisted lipid bilayer (SALB) as an SLB preparation method without using 

vesicles [Tabaei et al., 2014]. This method is inspired by reverse-phase evaporation in batch-

wise to make a unilamellar bilayer. The lipid molecules dissolved in the water/isopropanol 

solution assemble to the formation of a planar bilayer upon a gradual increase in the solvent 

water fraction. The 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, C18:1) bilayer film was 

formed on the substrate by continuously adding the DOPC solution. In this method, any 

materials besides silicon dioxide, such as alumina, gold, titanium, and silica, can be employed 

because of principle. It is noted that the water/oil flow ratio and the total lipid concentration 
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Figure 5-1. Outline of each representative SLB formation method. 

 

Table 5-1 List of operation factor of each SLB formation method. 

 

 

Organic solvent System Operation factor Residual solvent References

Vesicle fusion Non-use Non-continuous Salt, pH, Temperature No Abraham et al. 2018

SALB Use Continuous Solvent-to-water ratio Unknown Tabaei et al. 2014

Bicelle injection Non-use Continuous DHPC concentration No Kolahdouzan et al. 2017
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Scheme 5-1. SLB preparation by using bicelle suspension. 
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inside the flow channel must be operated to form a bilayer film. In their experimental system, 

it is necessary to maintain a lipid concentration, at least 0.1 mg/mL, in the organic solvent.  

Recently, Kawasaki et al. reported planar membranes using 1-palmitoyl-2-oleoyl-

glycero-3-phosphocholine (POPC, C16:0-18:1)/ 1,2-dihexanoyl-sn-glycero-3-phosphocholine 

(DHPC, C6:0) mixtures to solubilize and reconstitute membrane proteins on planar membranes 

at continuous system [Morigaki et al., 2012]. Below the CMCDHPC, the lipid membrane adsorbed 

on the substrate was not peeled off by rinsing. They evaluate the membrane properties of the SLB 

from the lateral diffusivity of lipid molecules by fluorescence recovery after photobleaching and 

the SLB has the same characteristics as SLB prepared by the vesicle fusion method. Preparation 

of SLB was achieved by using bicelles in the complete aqueous condition. Kolahdouzan et al. 

observed the process of SLB formation from DOPC/DHPC bicelle by fluorescence microscopy. 

According to their investigation, when the total lipid concentration is low (< CMCDHPC), the lipid 

aggregate in the bulk and the lipid bilayer on the substrate are mainly DOPC. Then, DHPC 

molecules are present as monomers in the bulk. An unstable change in the mass on the substrate 

surface was observed after adsorption of the bicelle to the substrate at DHPC-rich condition. 

Because the DHPC molecule destabilizes in the membrane, it is claimed that control of DHPC 

concentration is important for the formation of SLB. The examples given above are summarized 

in Table 5-1 and Figure 5-1. Kolahdouzan and colleagues claim that they formed a disc-like 

assembly with DOPC/DHPC system, while the evidence had not been showed. It is difficult to 

judge whether this SLB formation is due to the disk-like structure or the fluidity of the DOPC 

bilayer. In addition, experiments on multicomponent lipid membrane system for applying 

biomembrane mimetics have not been reported. 

In this chapter, SLB was prepared by using a bicelle as a source material of the SLB. I 

studied the forming a heterogeneous SLB by adding bicelles with bilayer membranes of 

different compositions such as 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, C14:0) 

and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, C16:0) by non-continuous and also 

continuous system (Scheme 5-1). Discrimination of the disk-structure of a bicelle conformed 

to chapter 2. A fluorescence microscope monitored a formation of SLBs. Heterogeneous texture 

of the SLB surface was observed by using the Förster resonance energy transfer (FRET). These 

results presented were shown that the bicelle dilution method is effective technique to fabricate 

a planar lipid bilayer. The method is demonstrating that it has the potential to wide application. 
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2. Materials and Methods 

2.1. Materials 

DMPC, DPPC, DHPC, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl) (ammonium salt) (Rhod PE, C18:1), 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD PE, 

C16:0), and were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). 1,1'-

Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DiI, C18 (3)) was purchased 

from Thermo Fisher Scientific K.K. (Tokyo, Japan). Sodium dihydrogenphosphate (anhydrous) 

and disodium hydrogenphosphate were purchased from Wako Pure Chemical (Osaka, Japan), 

and were used to prepare phosphate buffer (50 mM, pH 7.0). Ultrapure water was prepared with 

the Millipore Milli-Q system (EMD Millipore Co., Darmstadt, Germany). Other chemicals 

were used without further purification. 

 

2.2. Bicelle preparation 

Lipid thin films of DMPC/DHPC or DPPC/DHPC mixtures were prepared by the 

mothed described on the above. Firstly, the self-assembly solution was prepared at the total 

lipid concentration of 20 mM, with various DHPC fractions, XDHPC: 0.33, 0.40, and 0.67. Then, 

fluorescence lipids were involved 0.5-1.0mol% in lipids. The obtained lipid thin films were 

hydrated with phosphate buffer at 20 ºC. The stock solutions were adjusted to 20 mM total lipid 

concentration. No mechanical treatments (sonication, extrusion) were applied for 

DMPC/DHPC assemblies, to keep their spontaneous structures. The obtained self-assembly 

solutions were applied for monitoring dynamic light scattering.  

 

2.3. Dynamic light scattering (DLS) 

The apparent sizes of mixtures were determined by dynamic light scattering (DLS). 

Measurements were performed with the particle size analyzer (Zetasizer Nano ZS, Malvern 

Panalytical, Grovewood Rd, UK). The average diameters were calculated based on a number-

average diameter. 
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2.4. SLB formation by continuous bicelle addition 

SLB was formed on a glass substrate (18×18 mm), which surface was hydrophilized. 

Prior to each experiment, the substrate was rinsed within a mixture of sulfuric acids and 

hydrogen peroxide, that used to clean organic residues off substrates. The surface of the 

substrate is also hydroxylated most surfaces. The hydrophilized substrate was annealed at 400 

ºC to smooth the surface. Bicelle suspensions were injected to the substrate under continuous 

flow conditions in a petri dish (φ90×15 mm), with the flow rate set at 20 μL/min (15 min) by a 

syringe pump (CX07100, Isis Co., Ltd., Osaka, Japan) at room temperature (Scheme 5-1). Then, 

the distance between injection needle (regular bevel: 12º, NN-2425, Terumo co., Tokyo, Japan) 

and a substrate was under 1 mm, and the edge of the needle sets perpendicular to the substrate. 

After the injection step, the bulk solution was sequentially washed out by PBS 1 mL at 20 times. 

The petri dish was filled with water because the poor stability of SLBs upon exposure to air 

[Fang, 2011]. 

 

2.5. SLB monitoring by fluorescence microscope 

The SLB produced was observed with a fluorescence microscope. The excitation light 

range was changed by the fluorescent lipid. The observation of NBD PE was performed with 

340-390 nm or 460-495 nm excitation light. Rhod PE and DiI were also excited at 530-550 nm 

and were and monitored. Emission light of the fluorescent lipid membrane on the substrate was 

monitored for various excitation lights for confirming formation of SLB. The ratio of phase 

separation on the SLB was confirmed from the captured image analysis. 

 

2.6. Evaluation of phase separation based on Förster resonance energy transfer (FRET) 

The non-uniformity of SLB in nano-scale was evaluated by using FRET technique 

[Loura, 2012]. The FRET occurs to energy transfer from an excited electron donor (NBD PE, 

Ex: 470 nm, Em: 540 nm) to an electron acceptor (Rhod PE or DiI). This energy transfer 

depends on some factors of donor-acceptor; distance, overlap of absorption spectra, and vector 

position of dipole moments [Loura, 2012]. Miscibility of lipid molecules after SLB formation 

on the substrate can be evaluated from the emission intensity of acceptor (Em: 560 nm) 
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Figure 5-2. Spectroscopic properties of probes; (dotted curve) normalized absorption spectra, 

(solid curves), (gray) NBD PE in DMPC/DHPC (XDHPC = 0.40) bicelle, and (black) DiI in 

DMPC/DHPC (XDHPC = 0.40) bicelle.  

 

 

enhanced by the energy transfer. DMPC/DHPC (XDHPC = 0.40) containing NBD PE (0.5mol% 

with lipids) and DMPC/DHPC (XDHPC = 0.67 and 0.33) including Rhod PE (0.5mol%) or 

DPPC/DHPC (XDHPC = 0.40) containing DiI (0.25mol%) [Gullapalli et al., 2008] were mixed 

at several volume ratio. After the formation of SLBs, the planar membranes were analyzed 

fluorescent spectra, and the peaks of the spectra were compared to evaluate a miscibility; 

 

Energy transfer efficiency =  
𝐼560

(𝐼530 + 𝐼560)
 

 

where, Ii is intensity of each peak, subscript “i” is wavelength of NBD PE donor (530 nm) and 

DiI acceptor (560 nm), respectively (Figure 5-2). 
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3. Results and discussion 

3.1. Heterogeneity design and Characterization of Macro Domain on SLBs 

The SLBs were prepared by using bicelles consisting of DMPC and DHPC at room 

temperature. In this section, DMPC, as the same long chain phospholipid, was employed to 

confirm the relationship between the size of a bicelle and the formation of SLB. The size of 

each assembly was measured by using DLS (Table 5-2). They were nano-scale assemblies, and 

it was predicted that disk-like assemblies would exist due to the compositions (refer in chapter 

2). The bicelle suspension added on the substrate was repeatedly rinsed by PBS at 20 times after 

1-2 hours of incubation at room temperature for removing DHPC molecules. The SLB was 

observed with a fluorescence microscope (Figure 5-3). From the observation from different 

excitation light (NBD PE: 460-490 nm and Rhod PE: 530-550 nm), it was confirmed that both 

NBD PE and Rhod PE were present on the substrate (data not shown). Thus, DMPC/DHPC 

assembly could transform to a planar SLB. 

In the case of XDHPC = 0.40 (including Rhod PE) combined with XDHPC = 0.33 

(including NBD PE), the SLB texture shows stripe pattern (Figure 5-3a). The actual area ratio 

of XDHPC = 0.33 and 0.40 was evaluated by using an image analysis from the fluorescence 

microscopic pictures (Table 5-3). The adsorption ratio of XDHPC = 0.40 was close to the ratio of 

the XDHPC = 0.33 (50.6±15.5%). The result was close to the theoretical adsorption rate (47.4%). 

In Figure 5-3b, XDHPC = 0.67 with NBD PE and XDHPC = 0.40 with Rhod PE were mixed and 

were added on a substrate at a volume ratio of 1:1v/v. The dark gray region was NBD PE in 

XDHPC = 0.67, and the light gray was Rhod PE in XDHPC = 0.40. It seems that the XDHPC = 0.40 

bilayer including Rhod PE was dispersed in a whole of the substrate. The value of occupied 

region of XDHPC = 0.40 was smaller than that of XDHPC = 0.67 (10.8±3.7%). It is thought that 

the assembly of XDHPC = 0.67 formed a SLB faster than that of XDHPC = 0.40 on the substrate. 

The number of assemblies including in the suspension was calculated based on the average size 

of each assembly measured by DLS (refer to chapter 3). If these bicelles at same number adsorb 

to the substrate, it is calculated that the adsorption rate of XDHPC = 0.40 becomes about 64.3%. 

This calculation result implies that a small assembly (XDHPC = 0.67) forms a planar membrane 

faster than large assembly (XDHPC = 0.40). When SLB was made by reversing the ratio of the 

numbers of XDHPC = 0.40 and 0.67 (from 21.4 to 71.4%), the ratio of the occupied region of 

XDHPC = 0.40 was improved (38.3±23.9%). However, the amount of adsorption of XDHPC = 0.67 
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Table 5-2 Size of each bicelle with fluorescence probe lipid. 

 

 

 

Figure 5-3. Fluorescence image of SLBs made from mixing DMPC/DHPC bicelles excited 

530-560 nm light at room temperature. DMPC bicelle (XDHPC = 0.67 and 0.33) with NBD PE, 

DMPC bicelle with Rhod PE (XDHPC = 0.40); (a) (XDHPC =) 0.33:0.40 = 1:1v/v, (b) (XDHPC =) 

0.40:0.67 = 1:1v/v, (c) (XDHPC =) 0.40:0.67 = 9:1v/v. These SLB were prepared based on; 

volume const. (a, b); number of bicelle const. (c). 

 

Table 5-3 The rate occupied by bicellar membrane at XDHPC = 0.40. The calculated number ratio 

of bicelles based on the measurement result of DLS in parentheses. 

 

 

Long-chain 

lipid

Fraction of DHPC, 

XDHPC
Probes

Diameter 

[nm]

(1) DMPC 0.67 NBD PE 8.8 0.2

(2) DMPC 0.40 Rhod PE or NBD PE 22.5 0.3

(3) DMPC 0.33 NBD PE 29.2 3.2

(4) DPPC 0.40 DiI 17.1 2.1

(b) (c)(a)

Charged volume ratio

(Calculated number ratio)
Occupied rate of (2) on SLB

(a) (1) : (2)
1:1

(39.8:60.2)
50.6±15.5%

(b) (2) : (3)
1:1

(21.0:79.0)
10.8±3.7%

(c) (2) : (3)
9:1

(70.1:29.9)
38.3±23.9%
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was still larger (Figure 5-3c and Table 5-2). This result suggests that the size of the bicelles 

influences their adsorption on a substrate for SLB formation.  

SLB formation by using bicelles is achieved by adsorption of bicelles to a substrate 

and diffusion of lipids between edges of adsorbed bicelles. The stability of the edge is affected 

by the size of the bilayer region of the bicelle and the presence of DHPC molecules around the 

edge because of the difference in line tension [Jiang et al., 2004] and fluidization effect of 

DHPC to bilayer [Kolahdouzan et al., 2017], respectively. The hydrophobic edge of the bilayer 

fragment on the substrate works effectively for rapid SLB formation. Small assembly, like as 

XDHPC = 0.67, is expected to deform the edge more easily than large assembly, like as XDHPC = 

0.40 or 0.33. In addition, the report by Kolahdouzan et al. is an evidence that the bilayer 

fluidization by DHPC molecules. Their DOPC/DHPC bicelle (XDHPC = 0.80, 9.4 min) covered 

the substrate by forming SLB faster than that of XDHPC = 0.29 (12.7 min). Therefore, a 

hydrophobic part of the edge of smaller bilayer membrane changes forms quickly than a larger 

one when it is exposed to a hydrophilic environment.  

SLBs were thus found to be formed by using discoidal bicelles. The SLB formation by 

bicelle suspension can control uniformity/non-uniformity, depending on the size of the initial 

disk. It has been shown that “size” and “DHPC concentration” on a bicelle are important factors 

as design factors for designing membrane materials using bicelles. 

 

3.2. Preparation of SLB by using bicelle at various conditions  

The effect of some operational conditions (i.e., line bicelle size, its composition, 

temperature, mixing ratio of the bicelles) on the SLB texture was systematically studied in this 

section in order to find out key factors for the application to continuous SLB preparation (Table 

5-4). Two kinds of bicelles were used for the SLB preparation; one bicelle was modified with 

NBD PE and another with Rhod PE, so heterogeneity can be observed under the fluorescence 

microscope. Prior to the main experiment, direct injection of both bicelles onto the substrate 

without pre-mixing was tested as a preliminary experiment, resulting in the formation of “spotty” 

textured SLB. The obtained “spotty” texture may imply the possibility of the random 

aggregation of different bicelles and same bicelles during the SLB formation process. By 

introducing “pre-mixing” of different bicelles in whole operation of SLB preparation, non-

spotty surface was obtained. One important factor is to spread the bicelle solution during SLB 
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Table 5-4. List of images of SLBs at several conditions. The mixing ratio of bicelles 

(20 mM) was based on volume (v/v). 
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formation by employed “pre-mixing” to avoid their random aggregation.  

The effect of size of bicelle was also found to affect the SLB texture, where the 

adsorbed amount of the larger bicelle (ca. 20 nm) was much greater than that of the smaller one 

(less than 10 nm). Especially in the case of the injection of different bicelles at same lipid 

component (DMPC), the larger domain of the larger bicelles was observed in the obtained 

texture. In addition, the size of the dispersed region in the heterogeneous texture was found to 

become the larger (≥ 20 μm) than that of original bicelle (ca. 10 nm). The above phenomena 

indicated the possibility of the fusion of bicelles at same composition before they reached to 

the substrate surface and they adsorbed there. So, in order to keep the “nano-scale” domain on 

the SLB, the bicelles should be dispersed in the solution without self-aggregation and the fusion, 

just before its injection onto the substrate.  

The temperature is also important to obtain the better SLB, where the homogeneous 

texture was obtained by setting the temperature above phase transition temperature. It is 

considered that the mixing of lipids of different bicelles could be promoted on the substrate 

during the SLB formation, because of the fluidic nature. Furthermore, the SLB of DPPC that 

high temperature (> 41 ºC) was formed to be prepared at room temperature. It is well known 

that the SLB of DPPC cannot be formed via vesicle fusion method, unless the temperature is 

set above Tm. Generally, several liposomes (i.e., POPC, DOPC etc.) that show lower Tm are 

utilized for the SLB preparation incorporating membrane proteins because of the temperature 

limitation against the proteins. That result clearly shows that this bicelle method conquest these 

conventional problems in the temperature and lipid limitation. The mixing ratio of different 

bicelles can also be another important factor; the mixing rate is considered to be proportional 

to the occupied area ratio of those feed ratio (DMPC to DPPC) of different bicelles because 

DHPC can be negligible after dilution. When the DMPC bicelle and DPPC bicelle were mixed 

at DMPC:DPPC = 9:1, the occupied area ratio was not same with the mixing ratio, resulting in 

the ratio governed by phase equilibrium. 

In addition, the use of DOPC/DHPC bicelle was found to form the larger occupied area 

at micro meter scales. This is caused by the self-aggregation and fusion of DOPC/DHPC 

bicelles during the SLB formation because of its fluidic nature. The mixture of DPPC/DHPC 

and DOPC/Chol/DHPC bicelles also provide the planar SLB, while randomly-connected 

domains were observed on the substrate. It is noted that the injection method also determined 
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the quality of SLB texture. As a whole, key factors to obtain the SLB with good quality could 

be (i) dispersity of the bicelles and (ii) smooth spready on the substrate. It is therefore necessary 

to construct the continuous flow system to supply the above-mentioned key points. 

 

3.3. Continuous Manufacturing of Micro-and-Nano Domain on SLB  

To develop biomimetic membranes, nano-order domains were formed on the SLB by 

using bicelles. DMPC/DHPC bicelle and DPPC/DHPC bicelle were employed to prepare a 

multi-component SLB. DMPC membrane and DPPC membrane have different phase states at 

room temperature (25 ºC), such as unstable disordered phase and ordered phase, respectively. 

The DMPC/DPPC mixture has several phase states with component and temperature [Mabrey 

et al., 1976]. The heterogeneity of SLB was evaluated from an appearance observation with a 

fluorescent microscope and, also, an emission spectrum measurement of energy transfer from 

NBD PE to DiI. DiI is reported to be oriented in an ordered phase [Gullapalli et al., 2008]. 

Then, a DPPC/DHPC bicelle (XDHPC = 0.40) with DiI (0.25mol%) was similar size at 17.1±2.1 

 

 

  

 

Figure 5-4. Fluorescence mage of (2):(4) = 1:1 SLB obtained by fluorescence microscopy; excited 

(a) UV-light (340-390 nm), and (b) green-light (530-550 nm) at room temperature. 

 

 

(a) (b)
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nm. DMPC/DHPC bicelle (XDHPC = 0.40) and DPPC/DHPC bicelle (XDHPC = 0.40) were close 

in size, both of which are expected to be discoidal shape. Those were injected on a substrate by 

continuous flow at 20 μL/min at 15 min. The injection needle was perpendicularly set to near a 

substrate. When the flow path became narrower about half of the tube, the flow was laminar 

because the increased Re number was small values. The next washing process was done in the 

same way as above section 3.1. The SLB was monitored a fluorescent microscope (Figure 5-

4) and these images showed presence of NBD PE and DiI and formation of SLB on the substrate 

due to the emission of each probes on the substrate. The result means that DPPC and DMPC 

mixture formed uniform appearance SLB. 

The fluoresce spectra of the DMPC/DHPC and DPPC/DHPC mixed SLB were 

measured and compared to confirm the phase separation by energy transfer from NBD PE to 

DiI (Figure 5-5a). The fluorescence spectra of SLB of DMPC/DHPC including NBD (Em: 530 

nm) and that of DPPC/DHPC including DiI (Em: 560 nm) are shown in Figure 5-5a by orange 

and pink broken lines, respectively. Coexisting system of these independent SLBs was 

employed to obtain an emission spectrum in a quartz cell (black curve). In addition, using a 

feature of bicelles as aggregation of fixing materials on a bilayer (see chapter 3), I prepared the 

dense coexistence of NBD PE and DiI on DMPC/DHPC bicelle. The spectrum of the SLB 

obtained by this is in a red curve (Figure 5-5a). The spectrum shows a drastic decrease of the 

peak of NBD PE peak and also increase of DiI peak. The obtained result shows the energy pass 

from NBD PE (electron donor) to DiI (acceptor). The SLB preparing continuous injection of 

DMPC/DHPC and DPPC/DHPC had both peaks of NBD PE and DiI. The spectrum clearly 

shows that the phases of DMPC with NBD PE and DPPC with DiI were separated at nano-scale. 

Moreover, when the case of changing the injection rate of each suspension, whereas there 

seemed uniform SLB membrane (image not shown), the spectral shapes varied according to the 

injection ratio (Figure 5-6). 

These spectra also show the behavior of energy transfer, called FRET. The energy 

efficient transfer from NBD PE to DiI on the SLBs as shown in Figure 5-5b, focusing on the 

ratio of the peaks of NBD PE (I530) and DiI (I560). This parameter indicates the miscibility of 

lipid molecules on the substrate. The low values are hard to transport an energy (1 and 2 in 

Figure 5-5b), and high value investigate an energy transported (3 and 5 in Figure 5-5b). The 

value preparing continuous injection (4) is lower than (3) or (5). It is considered that energy 



98 

 

 

Figure 5-5. (a) Spectra showed NBD (530 nm, broken-curve, 1) and DiI (560 nm, broken-curve, 

5) in SLB membranes of DMPC and DPPC, respectively at 25 ºC. The each SLB composition 

was described below; 2 independent SLB of DMPC/NBD and DPPC/DiI, 3 DMPC/NBD with 

DiI, and 4 DMPC/NBD and DPPC/DiI. (b) Enhanced Emission degree of DiI. The numbering 

of each bar corresponds to each spectrum in (a). 

 

 

 

Figure 5-6. (a) Spectra of (2) with (4) SLB membranes on glass substrates (25 ºC) at each flow 

rate; (2):(4) [μL/min] = 30:10, 1; 20:20, 2; 10:30, 3. NBD (dotted) and DiI (dot-chain) in SLB 

membranes of DMPC and DPPC, respectively, were plotted as references. (b) Enhanced 

Emission degree of DiI. The numbering of each bar corresponds to each spectrum in (a). 
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transport was not carried out significantly. Thus, mixing between DMPC and DPPC molecules 

was not done. FRET is used to estimate the distance between probe molecules on a membrane 

[Loura, 2012]. The calculation requires findings such as Förster radius which is kind of 

depending on the type of donor and acceptor. In this study, a miscibility between DMPC and 

DPPC bilayers was only discussed on the SLB membrane, the distance between probes will not 

declare. In my empirical opinion, when the Förster radius is 49 Å (e.g., NBD to Rhod [Watts, 

1995]), the distance between donor and acceptors is calculated as around 34.9 Å. Then, the 

distance on SLB preparing continuous injection was 47.2 Å. In fact, these since the spectral 

overlap of NBD/DiI is larger than NBD/Rhod, the radius becomes larger than 49 Å.  

Therefore, it was found that DMPC/DHPC bicelles and DPPC/DHPC bicelles added 

continuously in the flow channel could induce have a phase separation at nano-meter scale that 

cannot be observed with a microscope. Continuous preparation of SLB by using bicelle was 

able to create a phase separation system that is similar with biological membranes. The design 

scheme of the preparation of membranous materials is shown in Figure 5-7. The appropriate 

selection of the bicelle conditions and controlling DHPC concentration is required to prepare 

the target membrane materials. To expand the findings obtained in this work, following studies 

are recommended as future work. 
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Figure 5-7. Design scheme for the functional membranous materials. 
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4. Summary 

Multi-component SLB was formed by using discoidal bicelle. The formation of the 

discoidal assembly was determined from that size by measuring DLS. The adsorption rate of 

bicelles onto the glass substrate varied depending on the size of the assembly from monitoring 

fluorescence microscope. SLB formation by adsorbing bicelles on a substrate was affected by 

those size. Smaller bicelles adsorbed onto the substrate than larger bicelles. This is due to the 

stability of the edge of the discoidal membrane. It is expected that small bicelles rapidly form 

planar membrane on the substrate because of the small line tension of that edge and the 

fluidizing effect to the bilayer of DHPC molecules. The formation of formless domains from 

larger bicelles on the substrate was imposed by enough diffusion of the discoidal particles in 

the bulk solution. For SLB formation by using bicelle, it is necessary to devise the control 

method DHPC concentration and injection method of the bicelles. 

When nano-sized bicelles with different compositions, DMPC/DHPC (XDHPC = 0.40) 

and DPPC/DHPC (XDHPC = 0.40), were added continuously to the substrate, the appearance of 

the SLB was a uniform bilayer. Nevertheless, the presence of nano-sized phase separation 

phases was inferred by analysis with fluorescent lipids (NBD PE and DiI). Discoidal bicelle 

can be utilized to form SLBs aimed at the preparation of biomimetic nano-ordered 

heterogeneous membrane on a substrate. A bicelle injection has no residual organic solvent in 

the SLB, that SLB can be formed continuously by simply controlling the concentration of 

DHPC on the substrate. This technology can be expected not only as a conventional biomaterial 

but also in the field of surface modification. 
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Chapter 6 

General Conclusions 

 

General Conclusions 

Design of membrane materials using discoidal bicelles can extend the applications of 

membrane materials. Membrane materials mimicking the function of biomembranes have the 

potential to be applied to new manufacturing system. Especially, discoidal bicelle is expected 

to create functional membranous materials. The feature of bicelles is suitable to reproduce the 

environment of biomembranes. In this chapter, it will be summarized previous studies in this 

thesis and will be described the growth of that technology (future work). In this chapter, I 

describe the general features of the membranous materials, such as vesicles (liposomes), 

supported bilayer membrane (SLB), and bicelles, from both viewpoints of fundamental and 

applied aspect. A possible advantage of a discoidal membrane (bicelle) for its utilization for 

functional materials is discussed, followed by the review of some researches relating to this 

research. 

In chapter 2, from the classification of formed self-assemblies, the conditions, such as 

the component rate and the concentration, were found to form discoidal bicelles. DMPC and 

DHPC were employed as compositions of the assembly. The findings of this study are 

summarized in a diagram. From combining evaluations, such as based on the appearance of an 

assembly by DLS and turbidity and based on membranous phase state by fluorescence probes, 

the assemblies were categorized as the dominant state; large vesicle (> 30 nm), gel-bicelle (≤ 

30 nm, “ordered” interfacial properties), and micelle (≤ 30 nm, “disordered” interfacial 

properties). In particular, the behavior of the formation was observed in the vicinity of the 

critical micelle concentration of DHPC. In the conditions of fixed total lipid concentration, the 

self-assembly structure could be controlled using the DHPC fraction ratio: bicelle for 0.33 ≤ 

XDHPC ≤ 0.67 and micelle for XDHPC ≤ 0.77. In the conditions of fixed XDHPC (especially at 0.33 

< XDHPC < 0.4), dilution lead to transformation from bicelle to vesicle, with a cloudy point in 

turbidity. The morphological stability of discoidal assembly is affected by concentration of 

DHPC. It is showed the possibility of application of bicelles to membrane materials that 

“stepwise” morphological change of bicelles by dilution. Utilizing this, bicelle assemblies can 
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be applied for a continuous planar membrane, such as vesicles, process flow system.  

In chapter 3, the function of discoidal bicelle was shown by monitoring behavior of 

photo-functional molecule, chlorophyll a (Chla), in the bicelle membrane. It was clarified that 

the liposomal membrane properties could be characterized based on the analyses of the 

membrane fluidity, the Chla absorption bands, and the Chla polarization. These results show 

that the positioning of Chla in the membrane differs depending on phase states of the bilayer. 

In addition, the influence of the membrane properties on the photoreduction with methyl 

viologen was examined. It is concluded that the behaviors and the orientations of Chla 

molecules on the liposomal membrane are significantly important in the photochemical energy 

conversion system. Thus, the finding can be helpful for superior photochemical energy 

conversion by Chla containing bilayer membranes. The environment surround Chla molecules 

could be polar in the DMPC/DHPC membranes, where the polarity at XDHPC = 0.4 was lower 

than at XDHPC = 0.67, which could promote the formation of Chla aggregates. The photo-

reduction of MV2+ was regulated by the aggregation states of Chla molecules. Furthermore, J-

aggregates of Chla molecules were induced in DMPC/DHPC bicelles at XDHPC = 0.4 and Clipid 

= 20 mM, and the J-aggregates were maintained after rupture of bicelle structure with dilution. 

The bicelle-type assemblies more advantageously induce the formation of J-aggregates of Chla. 

The use of Chla-incorporated bicelles as a photosensitizer can lead to the development of 

powerful photosynthesis systems. 

In chapter 4, the vesicle was prepared by dilution of bicelles using the flow devices 

based on the bicelle diagram. The membrane properties of the vesicles prepared by bicelle 

dilution were compared to those made by conventional preparation methods (thin film 

hydration and high-pressure CO2/water) which were similar liposomes. Whereas high-pressure 

CO2/water system has advantage of non-used organic solvents, the hard condition such as 

pressure is difficult to control the property of CO2/water interface preciously and to prepare the 

variation of phase separation on membrane surface as biomembranes. The dilution removes 

DHPC molecules in the bilayer because of hydration of those and leads to change morphology 

of the assemblies. Vesicle formation was achieved by the continuous dilution of the 

DMPC/DHPC bicelle in flow path. The vesicle preparation was found to be formed stepwise 

through the fusion of the bicelles in simple flow path device. It is expected that the technique 

could have the potentials to continuous-type preparation method to enable a heterogeneous 
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membrane like a living cell membrane by designing a flow path. 

In chapter 5, the formation of supported lipid bilayer (SLB) was confirmed by using 

discoidal bicelles. In order to prepare nano-domain on a membrane like a biomembrane, SLB 

fabrication was performed by using multicomponent bicelles. The adsorption of bicelles to the 

glass substrate was monitored fluorescence lipids in each bicelle by fluorescence microscope. 

SLB formation by adsorbing bicelles on a substrate was affected by those size. Smaller bicelles 

adsorbed to the substrate than larger bicelles. Then, the larger bicelles formed larger formless 

domains on the substrate. These results suggested morphological changes and fusion of bicelles 

at bulk solution. The unfavorable bicelle fusion was found to be eliminated by the selecting the 

suitable pre-mixing and injection method in adding bicelle suspension to the substrate. A flow 

system was employed for dispersion of bicelle particles in the suspension and for continuous 

injection to the substrate. When nano-sized bicelles with different compositions, DMPC/DHPC 

and DPPC/DHPC, were added continuously to the substrate, the appearance of the SLB was a 

uniform bilayer. The presence of nano-sized phase separation phases was inferred by analysis 

of energy transfer between fluorescent lipids (NBE PE and DiI). It has been clarified that the 

discoidal bicelle can be utilized to prepare the target SLBs aiming at biomimetic nano-ordered 

heterogeneous membrane on a substrate by simply controlling the concentration of DHPC on 

the substrate. This technology can be expected to be applied to not only the preparation of 

conventional biomaterial but also the surface coating or modification of any materials. 

A strategy on the designs of various membranous materials by using discoidal bicelles 

was finally established based on the analysis of membrane properties of the discoidal membrane 

(bicelle) and its relating membrane. These findings are expected to be expanded to the 

utilization of membrane materials to the development of various functional materials. To 

expand the findings obtained in this work, following studies are recommended as future work. 
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Suggestions of Future Work 

 

(1) Bicelle based Preparation of Heterogeneous Supported Lipid Bilayers (SLB): 

Continuous Manufacturing of SLB using Flow-Device 

In this study, the bicelle characters were applied to the preparation of planar membrane. 

From these findings, it is expected that a new method of SLB preparation could be developed 

continuous flow device. SLBs are often utilized to immobilized membrane protein complexes, 

such as channels and transporters in the biological membrane [Lee, 2004]. The preparation from 

bicelles requires only the control of the operational condition of DHPC concentration and the 

pre-mixing to obtain a uniform dispersion of the bicelle particles on the substrate. A continuous 

system is suitable to regulate those factors appropriately. The microchannel in the flow device 

can control the dispersion and mixing of the bicelle suspension, by designing the flow path to 

meet the above requirements. Moreover, by providing a chamber in the channel, it is possible 

to form an SLB in the device (Figure 6-1). The micro flow path made from 

dimethylpolysiloxane is transparent, and observation of internal pathway is possible. The 

artificial biomembrane constructed in the chamber can be used for observing the reaction field 

and biological function of membrane proteins. 

 

 

Figure 6-1. Hydrophilic chamber in micro-flow chip for preparing nano-domain in SLB (made 

it by Kang, B.-S., Kyungpook National University, South Korea). 
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(2) Introduction of bicelle constructing molecules instead of phospholipids 

A bicelle consisting phospholipids can be expected to be applied to prepare various 

functional membranous materials. However, because preparation of bicelles requires much lipid 

molecules, there are problems with cost. Thus, amphiphilic (synthetic) surfactants and fatty 

acids should be employed as “building-block” for the formation of the discoidal assembly 

(bicelle). From these findings obtained in this thesis, a key factor for forming a bicelle is phase 

separation between ordered and disordered phases of assemblies. For example, Iwasaki et al. 

and Charoenthai et al. have reported the self-assembled molecules, such as DDAB (cationic 

double-chained surfactant) or span/tween (nonionic surfactant), respectively [Iwasaki et al., 

2018, Charoenthai et al., 2011]. As exampled in these previous studies, the investigation on 

other kinds of amphiphiles and their self-assembly would contribute to the reduction of these 

molecules have been reported to exist as an ordered orientation at the surface of these assembly 

in aqueous solution. Production cost and the promoted development to industrial utilization of 

membrane materials. 
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Abbreviation 

 

Bi = Soret band at transition dipoles “i” 

Chla = chlorophyll a 

CMC = critical micelle concentration 

CVC = critical vesicle concentration 

DHPC = 1,2-dihexanoyl-sn-glycero-3-phosphocholine 

DiI C18 (3) = 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate 

DLS = dynamic light scattering 

DMPC = 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

DOPC = 1,2-dioleoyl-sn-glycero-3-phosphocholine 

DPH = 1,6-diphenyl-1,3,5-hexatriene 

DPPC = 1,2- dipalmitoyl-sn-glycero-3-phosphocholine 

EDTA = ethylenediamine-N,N,N',N'-tetraacetic acid, disodium salt, dihydrate 

Laurdan = 6-dodecanoyl-N,N-dimethyl-2-naphthylamine 

MV = Methyl viologen 

NBD PE = 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-

benzoxadiazol-4-yl) (ammonium salt) 

Qi = Q band at transition dipoles “i”  

Rhod PE = 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl) (ammonium salt) 

SLB = supported lipid bilayer 
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Nomenclature 

 

Ca = capillary number [-] 

Clipid = lipid concentration [μ- or mM] 

GP340 = general polarization calculated at exciting light at 340 nm [-] 

kcat = turnover number [min-1] 

kr = constant of reaction  [min-1] 

P = polarization [-] 

1/P = membrane fluidity [-] 

Re = Reynolds number [-] 

Tm = phase transition temperature [ºC] 

Vi = flow rate  [μL/min] 

Vmax = initial rate constant [μM/min] 

XDHPC = fraction of DHPC with DMPC [-] 
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